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Synthetic Aperture Radar (SAR) is well-known as a multi-purpose sensor that can be 
operated in all weather and day-night time. Recently, many missions of SAR sensors are operated 
in linear polarization (HH, VV, and its combination) with high power, sensitive to Faraday rotation 
effect, etc. Recently, the development of radar technology, SAR and Unmanned Aerial Vehicle 
(UAV) are relatively fast which can generate data processed with high resolution and a better 
image for all types of terrain explored. The interest in the SAR system is expected to increase the 
research about the antenna which can be applied for developing SAR system.  
Circularly Polarized-Synthetic Aperture Radar (CP-SAR) is as an active sensor that can 
transmit and receive the C, S, and L-band chirp pulses for remote sensing application. The sensor 
is designed as a low cost, light, low power, low profile configuration to transmit and receive Left-
Handed Circular Polarization (LHCP) and Right-Handed Circular Polarization (RHCP), where 
the transmission and reception system is working both in LHCP and RHCP. Then, these circularly 
polarized waves are employed to generate the Axial Ratio Image (ARI), ellipticity and tilted angle 
images, etc. Hence, any information can be obtained from the earth and be able to overcome some 
limitations of the SAR sensor, such as high power, sensitive to Faraday rotation effect, the 
unwanted backscatter modulation signal and redistribution random back signal-energy, blurring 
and defocusing spatial variants, ambiguous identification, and low different features of 
backscatter. 
In this research, we design triangular microstrip antennas both as basic construction and 
configuration of CP-SAR operated and embedded at the S-band and L-band on Low Earth Orbit 
(LEO) microsatellite and UAV having additional advantages such as a compact size, lightweight, 
conformability of the substrate surface, low cost, easier to integrate with other circuits, flexible, 
and well established. The investigation triangular microstrip antennas and its radiation 
characteristics are performed by numerical simulations and partly experiments aimed at CP-SAR 
sensor application. 
The values of gain, the axial ratio (Ar) and its bandwidth, azimuth and elevation beamwidth 
of gain and Ar, and antenna efficiency of triangular microstrip antennas are sufficient 
performances to meet the requirement of the specification of CP-SAR system using LEO 







1.1  Background 
The two main types of radar images are the circularly scanning Plan-Position Indicator 
(PPI) images and the side-looking images. The PPI applications are limited to monitor the air and 
naval traffic. The side-looking images applied in remote sensing are divided into two types: (i) 
Real Aperture Radar (RAR, usually called SLAR for Side-Looking Airborne Radar or SLR for 
Side-Looking Radar) (ii) Synthetic Aperture Radar (SAR). Radar captures a signal with a 
relatively low power level. In contrast to the other image techniques for instance RAR that uses 
the actual size of the antenna, SAR works with comparatively small antenna which has a wide 
coverage area, high radiation efficiency, small conductive loss, and ease of excitation [1, 2].  
SAR is well-known as a multi-purpose sensor that can be operated in all weather and day-
night time. Recently, many missions of SAR sensors are performed in linear polarization (HH, 
VV, and its combination) with high power, sensitive to Faraday rotation effect, etc. [3, 4]. The 
interest in the SAR system is expected to increase the research about the antenna which can be 
applied for developing SAR system. The research aims are the development of a technology 
enabling the transmission and reception of any information, such as images, imagery, topography, 
climate, etc. by the use of the particular carrier media, i.e., Unmanned Aerial Vehicle (UAV). 
There are many types of UAV based on the weight, size and the usage characteristic, such as 
heavy UAV, light UAV, medium UAV, small UAV, drone, micro satellite, etc. UAV is controlled 
directly by a device which is already programmed. It can transport SAR payloads such as flight 
control system, onboard computer, telemetry and command data handling, attitude controller, and 
sensor (including antenna both Transmitter, Tx and Receiver, Rx) [5]. Therefore, the platform of 
UAV is very perspective because it can be flown under the cloudy weather, unmanned, low cost, 
fast, and relatively low risk. Thus, the UAV technology becomes a good alternative because the 
obtained data would be very detail and in real time, as well as could be acquired quickly with a 
lower price [6]. The SAR sensor employs the elliptical wave propagation and scatters the 
phenomenon by radiating and receiving the elliptically polarized wave, including the different 
polarization as circular and linear polarizations.  
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Moreover, the Circularly Polarized-Synthetic Aperture Radar (CP-SAR) is as an active 
sensor that could transmit and receive the C, S, and L-band chirp pulses for remote sensing 
application. The sensor is designed as a low cost, light, low power, low profile configuration to 
transmit and receive Left-Handed Circular Polarization (LHCP) and Right-Handed Circular 
Polarization (RHCP), where the transmission and reception both work in LHCP and RHCP [4]. 
Then, these circularly polarized waves are employed to generate the Axial Ratio Image (ARI), 
ellipticity and tilted angle images, etc. Hence, any information can be obtained from the earth and 
be able to overcome some limitations of the SAR sensor, such as high power, sensitive to Faraday 
rotation effect, the unwanted backscatter modulation signal and redistribution random back 
signal-energy, blurring and defocusing spatial variants, ambiguous identification, and low 
different features of backscatter [7]. 
This dissertation primarily discusses and analyzes the needs of low-power LHCP and 
RHCP antennas at L-band for CP-SAR sensor application embedded on the aircraft. Also, we 
describe the configuration of triangular array antenna as basic construction to form the planar 
array for CP-SAR sensor application. To see other uses of the antenna design, we discuss the 
implementation of mobile satellite communications as study material for the antenna design of 
CP-SAR in Chapter 2. CP-SAR systems can operate at many different bands and polarizations. 
The most common band-frequency is C-band which has an approximately 5 cm wavelength used 
on Radarsat and Envisat systems. S-band (λ  10 cm) and L-band (λ  20 cm) are also universal 
that are applied on Low Earth Orbit (LEO) microsatellite and UAV. Because of the longer 
wavelength, it penetrates surfaces better. Then, it is useful for sea ice, soil moisture, and 
vegetation applications where the surface penetration is desirable. Since the reflection 
(backscatter) from surfaces also depends on the polarization, several systems use different 
polarizations (so-called polarimetric SAR) to discriminate surface properties. The specific 
performances of these antennas are Circular Polarization (CP), mainly a circular to the left and 
right that make it easier to transmit and receive signals to/from the earth. These antennas are 
formed by using the type of microstrip antenna that uniquely structured. So, the microstrip 
antenna is accordance with the technical specifications and the desired target, especially as Tx/Rx 
of remote sensing application.  
The conducting patch can be formed into several shapes, but rectangular and circular 
configurations are the most commonly used. The way that is the most attracting lately is the 
triangular shape of the patch antenna. It is due to its small size compared with other forms like 
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the rectangular and circular patch antennas. Moreover, the triangular shape is chosen since it can 
easily be arranged and fabricated to produce CP radiation. The single element patches which have 
been optimized are then spatially arranged to form a planar array [8]. The planar array 
conﬁguration is widely employed in radar systems where a narrow pencil beam is needed. Better 
control of the beam shape and position in space can be achieved by correctly arranging the 









Figure 1.1 Miniature of a CP-SAR triangular array antenna consisting of microstrip elements [7] 
 
The construction beam (Figure 1.2) tends to relatively tilted right toward UAV moving 
forward. Hence, one of many techniques to adjust beam direction is to excite the higher mode, 
especially the TM21. When the antenna only has one element, the dominant mode is a role as the 
bigger beam rather than the higher mode of this patch [7]. But, when the antenna consists of array 
elements using corporate feeding-line (see Chapter 4), the antenna act as the higher mode (TM21) 
CP that has the angle between the peak beam-direction and broadside around 20° until 50° 
depending on the values of the dielectric constant of the substrate [9]. This condition happens 
because the location of corporate feeding-line is appropriately below the radiating patches having 
the perturbation segment. In Figure 1.2, the beam antenna is set to be perpendicular with the UAV 
path. Then, we can recognize that the range resolution is also perpendicular against the 
observation track and the azimuth resolution that will be parallel to the track. The range resolution 
for SAR is not different with common radar, and SAR technique gives no effect to this resolution. 
SAR only focus on making the azimuth resolution of a radar better than RAR. In RAR, azimuth 
resolution (r) can be attained by using Equation (1.1). But, r of SAR can be acquired by modifying 
Equation (1.1) where the distance variable D is replaced by the long synthetic aperture track Lsa 










        (1.2) 
where θ is the synthetic aperture angle that is formed from the position of the observer with the 











Figure 1.2 SAR configuration 
 
1.2  Purpose of the study 
The full characteristic of backscattered SAR signal from the random object only can be 
passed by using circular polarization. If it is compared with the linear SAR sensor, then a great 
amount of information about the scene and the image target will be provided by CP-SAR sensor 
[7]. 
The synthesis result of circularly-polarized data is better than the conventional linearly-
polarized data. The CP-SAR sensor can detect the presence of object from long distance, the speed 
of object, the specific interest map of object, such as monitoring the condition of hazards 
(earthquake, flood, tsunami, volcanic eruption, forest fire), following the oceans (ocean wave, 
offshore oil drilling), mapping the surface contour (the area classification of forest and non-forest, 
the height approximation of tree, the extraction of the wet area and agricultural area, the map of 
mangrove area, the detection of snow and glacier), determining floristic composition (content and 
type of substance on flora) [11]. The CP-SAR parameters including size, weight, power 
consumption, and kind of substrate material should be thoroughly considered, in order to realize 
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the high quality and efficiency in these applications [12]. One of the solutions related to CP-SAR 
parameters is microstrip antenna that can be integrated with CP-SAR system. 
Therefore, in this dissertation, we design triangular microstrip antennas both as basic 
construction and configuration of CP-SAR and remote sensing application that is operated and 
embedded at the S-band and L-band on LEO microsatellite and UAV, respectively. As compared 
with conventional microwave antennas, a microstrip antenna has additional advantages such as a 
compact size, lightweight, conformability of the substrate surface, low cost, easier to integrate 
with other circuits, flexible, and well established. Hence, it is suitable for the attached radar 
antenna on the body of LEO microsatellite and UAV or the other aircraft in which be able to 
achieve the need of available infrastructure that has variety platform and capable of producing the 
processed data image with high quality and good efficiency.  
 
1.3  Approach of the research  
In this research of microstrip antennas, the numerical simulation, and partly to be confirmed 
with measurement in radio anechoic chamber are performed, then the results of them are 
discussed. In basic theory (Chapter 2), the review concentrates on the study of a simple 
configuration of triangular microstrip array antennas. In particular, the analysis focuses on the 
design of basic construction design of triangular microstrip antennas for CP-SAR (Chapter 3), 
and development of triangular microstrip array antennas for sensor application using CP-SAR 
(Chapter 4). 
One of the most common techniques for calculating the unknown current of the patch 
antenna is the Method of Moments (MoM). This method discretizes the integral into a matrix 
equation which can be solved. This discretization can be considered as dividing the antenna 
surface into some small elements. From the current distribution, the S-parameter, radiation 
pattern, and any other parameters of interest can be obtained. 
The antenna analysis using the MoM is based on the calculation of the magnetic vector 
potential A and the electric scalar potential , assuming the electric current on the antenna, or the 
density of current, to be an unknown variable. Let we assume that the dependence in time is 
sinusoidal. Hence, A and  can be calculated from the following equations by assuming that 





𝐴 = 𝜇 ∬ 𝐽Φ𝑑𝑉௏        (1.3) 
Φ = ଵ
ఌ ∬ 𝜌𝜑𝑑𝑉௏        (1.4) 
Here, µ is the magnetic permeability, ε is the permittivity, φ is the elementary solution, and V is 
the region of the antenna. In three dimensional problems, the elementary solution is given by 
𝜑 = ଵ
ସగ௥
exp (−𝑗𝑘𝑟)       (1.5) 
Considering J and ρ not being independent, from the Gauss’s Law, we have 
∇ ∙ 𝐷 = 𝜌        (1.6) 
From the time differential of the density of magnetic flux, i.e. the equation that expresses the 
divergence of Ampere’s Law and ignores the current charges, we get 
∇ ∙ 𝐽 + ∇ ∙ డ஽
డ௧
= 0        (1.7) 
which ρ is connected. From the equation of the electric continuity, the following equation can be 
obtained 
𝜌 = − ∇∙௃
௝ఠ
         (1.8) 
When J and ρ conform to the upper equation, the obtained expressions of A and  satisfy Lorenz’s 
gauge. The strength of electric field E is derived from A and : 
𝐸 = −𝑗𝜔𝐴 − ∇Φ        (1.9) 
Finally, at the surface of the antenna, i.e. the surface of a perfect conductor where the tangential 
component of E tends to zero, the following equation needs to be used in order to create the 
system of equations: 
−𝑛 × 𝐸 = 𝑛 × 𝐸଴       (1.10) 
where n is the normal direction, E0 the outer electric field. By substituting (7) into (8), the next 
equation is obtained 
𝑗𝜔𝐴 + ∇Φ = 𝑛 × 𝐸଴       (1.11) 
In this dissertation, the MoM is chosen in the numerical analysis for fast calculation. The 
software used are EnsembleTM version 8 from Ansoft [14], IE3D Zeland software [15], Computer 
Simulation Technology (CST) version 2016 from corporate company CST STUDIO SUITE [16] 
for the numerical simulation in Chapter 2, Chapter 3, and Chapter 4. The partial performances are 
compared with the realized measurements using a network analyzer HP 8510C in the radio 
anechoic chamber. Table 1.1 shows the specification and the desired target for the CP-SAR system, 
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which in turn influence the specification of the S-Band CP-SAR LEO microsatellite and UAV 
antenna [12].  
 
Table 1.1 Specification of antenna parameter for CP-SAR System 
No Parameter Specification CP-SAR System 
1. Frequency (GHz) L-band: 1.25-1.27 GHz; S-band: 2.5–2.9 GHz 
2. Pulse Band Wide (MHz) 10 - 233.31 
3. Axial Ratio (dB)  3 
4. Antenna Efficiency (%) > 80  
5. Gain Antenna (dBic) 10 – 36.6  
6. Azimuth Beamwidth (°)  1.08 
7. Range Beamwidth (°) ≥ 2.16 
8. Antenna Size (m) 2 × 4 


























2.1  Introduction 
In this chapter, a simple configuration of triangular microstrip array antennas is discussed, 
to conduct the selected triangular shape for the better form of array microstrip antennas rather 
than the other way, such as rectangular, circular, etc. (see Figure 2.1). For the ease discussion, we 
separate the explanation into five parts specifically (i) Proximity coupled feed using a hole/slot 
on conducting patch for triangular microstrip array antenna, (ii) Microstrip-line feed using stub 
for triangular microstrip array antenna, (iii) Coaxial feed for stack-patch triangular microstrip 
array antenna (Rx) including its fabrication, (iv) Coaxial feed for stack-patch triangular microstrip 
array antenna (Tx and Rx) including its fabrication, (v) Proximity coupled feed of triangular 
microstrip array antenna. Moreover, part (i), (ii), (iii), and (iv) are applied for mobile satellite 
communication, while part (v) is implemented for CP-SAR system, in which the specifications 
for all of them are listed in Section 2.3. Furthermore, in part (iv), it is a little bit discussed the 
rectangular shape to distinguish that triangular shape more configurable rather than rectangular 











Figure 2.1 Microstrip patch shape [17, 18] 
 







2.2  Feeding 
2.2.1 Microstrip line feed 
One of the simplest methods of feeding, a microstrip line feed, is shown in Figure 2.2. The 
feed is located in the same plane as the antenna. Then, the impedance match is realized by 
changing the amount that the line is inset into the antenna. However, the asymmetry introduced 





Figure 2.2 Microstrip line feed [17, 18] 
 
2.2.2  Coaxial feed 
In Figure 2.3, coaxial feed involves the vertical connection of a coaxial cable conductor 
through the ground plane to the patch. This method is relatively simple to fabricate and to match. 
But, it is more difficult to model and also inherently asymmetrical that can cause spurious 
radiation because of the presence of vertical currents in the probe (as contrasted to horizontal 










Figure 2.3 Coaxial feed [17, 18] 
 
2.2.3 Proximity coupled feed 
From the two feeds described above, the proximity coupled feed shown in Figure 2.4 has 
the largest bandwidth. It is rather easy to model and has low spurious radiation. However, its 
Patch
Coaxial connector Ground plane
Top view Side view
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fabrication is more difficult. The length of the feeding stub and the width-to-line ratio of the patch 
can be used to control the match. This structure has the drawback of adding parasitic radiation 









Figure 2.4 Proximity coupled feed [17, 18] 
 
2.3  Antenna specifications 
2.3.1  Specifications for mobile satellite communication 
The specifications and targets of the developed antenna are shown in Table 2.1. ETS-VIII 
will conduct orbital experiments on mobile satellite communications and high-speed packet 
communications providing voice/data communications with hand-held terminals in the S-band 
frequency (2.5025 GHz and 2.6575 GHz for reception and transmission, respectively). The 
polarization is Left-Handed (LH) circular for both transmission and reception units. As this 
antenna is assumed to be used in Tokyo and its vicinity, the targeted elevation angle is set to 48° 
because it is the elevation angle of the geostationary satellite seen from the center of this city [19, 
20].  
 
2.3.2  Specifications for CP-SAR system 
In Chapter 1, Table 1.1 shows the specification and the desired target for CP-SAR system, 
which influence the specification of the L-Band CP-SAR airspace antenna [12]. Each antenna can 
generate a wave that yields a Circular Polarization (CP). The technique to achieve CP can be easily 
obtained namely by adequately adjusting the element parameters, determining locus feed, and 
designing corporate feeding-line [7, 8, 21]. In the simulation of the triangular antenna, the significant 






radiating patches, especially S-parameter, frequency characteristic, input impedance, and radiation 
pattern. 
 




2655.5 MHz to 
2658.0 MHz 
Reception (Rx) 
2500.5 MHz to 
2503.0 MHz 
Polarization 
Left-handed circular polarization for both 
Tx and Rx 
OBJECTIVES 
Angular ranges 
Elevation angle (El) 48o (Tokyo) 
Azimuth angle (Az) 0o to 360o 
Minimum gain more than 5 dBic 
Maximum axial ratio less than 3 dB 
 
 
2.4  Proximity coupled feed using a hole/slot on conducting patch 
for triangular microstrip array antenna 
2.4.1  Structure of the antenna 
Figure 2.5 depicts the configuration of a single and an array equilateral triangular-patch 
with a hole, using a conventional substrate (relative permittivity 2.17 and loss tangent 0.0009). 
The antenna is fed by proximity feed with microstrip lines whose width W is 3.0 mm for Rx to 
obtain a thin configuration. A novel dual feed type with a hole is proposed for the generation of 
a compact LHCP using a small equilateral triangular-patch, where one of the microstrip lines 
feeds is longer than the other introducing a 90° phase delay. In the same manner, a Right-Handed 
Circular Polarization (RHCP) could be realized by swapping the microstrip lines concerning the 
y-axis. The proposed feeding technique is designed to obtain an ideal and stable current 




In this research, the method of moment (MoM) (IE3D Zeland software) is employed to 
simulate the model with a finite ground plane [15]. Consideration of the effective thickness of the 
antenna (see Figure 2.5) allowed either the substrate thickness for the microstrip line or feeding 
line (substrate 2) and triangular patch (substrate 1) is defined with the other implicit (h1 = h2 = 0.8 
mm). The length of the microstrip line inserted under the patch le is 11 mm, and a quarter-wave 
transformer is used to obtain a matching impedance of 50 for Rx. The detailed parameters of the 
microstrip line for Rx are ls = 5mm, ld = 11mm, ld1 = 4 mm, lc = 3 mm, lm = 2 mm, lst = 11 mm, r 
= 7 mm. The width of the input microstrip line Ws and patch length parameters (for a = b) obtained 
are 4.90 mm and 46.15 mm, respectively. In the case of the array antenna, the distance between 
the tip of patch antenna c is 5 mm, and the length of array antenna configuration l is 153.64 mm. 
Also, a hole with the dimension of radius r = 7 mm is embedded in the patch which hole center 
at the null voltage point of the fundamental TM10 mode of the simple triangular microstrip antenna 
without a hole. It is then expected that the current path or guide wavelength, λg of the TM10 mode 
with a hole is more length than the current path without hole. Thus the frequency operation can 
be decreased. And by adjusting the radius hole of r, and the length of le and lc, two orthogonal 
resonant modes can be of equal amplitudes and 90° phase difference and a compact CP operation 
on the target frequency at 2.5025 GHz can be achieved, with percent decreasing of length patch 




























2.4.2  Results analysis 
Figure 2.6 represents of the S-parameter, in the case of an array antenna using a hole 
whereas single element number 1 off, 2 off and 3 off. This figure shows that 2 off is the best 
compared the others. It is caused by the mutual coupling between fed elements, their phase, and 
distance that is affected by the finite ground system. Figure 2.7 shows the frequency characteristic. 
In the case of single element number 1 off, the gain and axial ratio tend to shift slightly to the 










           Figure 2.6 S-parameter    Figure 2.7 Frequency characteristic (#1OFF) 
 
The beam of the antenna is generated by a simple mechanism that consists in switching 
OFF one of the radiating element of reception shown in Figure 2.5. By considering the mutual 
coupling between fed elements, their phase, and distance, the beam direction can be varied. Hence, 
the two feed elements theoretically will generate a beam shift of -90° in the conical-cut direction 
from the element which is switched OFF, in the case the antenna configuration shown in Figure 
2.5. For example, when element #1 is switched OFF, the beam is directed towards the azimuth 
angle Az = 0° [19].  
Figure 2.8 describes the radiation characteristics in the elevation-cut plane angle when 
element #1 is switched OFF. It is assumed that from northern to southern Japan the elevation 
angle is 38 to 58 towards the satellite position. According to this figure, the axial ratio satisfies 
the targets although the gain at the lowest target elevation angle is less than 5 dBic.   
Figure 2.9 represents the radiation characteristics in the conical-cut direction. This figure 
shows that the peak gain and the axial ratio is around 6.82 dBic and 0.66 dB respectively in the 









































 Gain1off#  Ar1off#
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technical beam direction. The gain is satisfied the target above 5 dBic in the 120 coverage for 











     Figure 2.8 Elevation-cut plane,              Figure 2.9 Conical-cut plane, 
              f = 2.5025 GHz                           El = 48° f = 2.5025 GHz 
 
2.5  Microstrip line feed using stub for triangular microstrip array 
antenna 
2.5.1 Configuration of antenna 
Figure 2.10 illustrates the configuration of the single patch equilateral triangular antenna 
for an array antenna. The antenna parameters are shown in Table 2.2. The configuration of array 
antenna consists of three patches with the same parameter size which is rotated 120° each other. 
There are three types of parameter size of single for array antenna, namely: without the use of 
stub with fst = 16 mm and Wa = 0 mm, the use of stub with fst = 14 mm and Wa = 3 mm, and the 
last ones is the use of stub with fst = 14 mm and Wa = 5 mm. Also, the distance of the tip of the 
triangle to the central point, lo = 10 mm, the length of hexagonal ground g = 93.07 mm, and the 
angle between two adjacent patches seen from the central point, θ = 120°. The array antenna is 
also made from a conventional substrate (εr = 2.17 and δ = 0.0009) with the substrate thickness, h 
= 1.6 mm. The element patch of this antenna is supplied by microstrip line feed where the width 
Ws = 7.0 mm for receiver antenna, Rx. Singly-fed forked can generate two waves with different 
phase 900 to obtain Left-Hand Circular Polarization (LHCP). In the same manner, the circular 
polarization wave to the right (RHCP) can be realized by exchanging the microstrip line on the y-
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Figure 2.10 Antenna configuration, single and array for receiver (Rx) 
 
The Method of Moments (MoM) has been chosen for this numerical analysis to make the 
fast calculation. The software used was EnsembleTM version 8 from Ansoft [14]. According to the 
software characteristics, the dielectric substrate and the ground plane are considered to be infinite. 
 
Table 2.2 Antenna parameters [25] 
Parameter Value of Model-1 
(mm) 
Value of Model-2 
(mm) 
Value of Model-3 
(mm) 
a 52.64 52.64 52.64 
fd 11 11 11 
fd1 3.5 3.5 3.5 
fc 3.5 3.5 3.5 
fs 5 5 5 
fm 3.5 3.5 3.5 
fsr 0 4 3 
fss 0 7 7 
fst 16 14 14 
W1 2 2 2 
W2 3 3 3 
Wa 0 3 5 




2.5.2  Results and discussion  
Figure 2.11 to Figure 2.12 show the simulation results of the antenna array, such as S-
parameter and frequency characteristics. Figure 2.13 and Figure 2.14 are specific to the 
performance of the antenna array, namely the vertical and the horizontal radiation patterns. 
Figure 2.11 shows the relationship between the S-parameters and frequencies for simulation 
of receiver antenna (Rx). In this figure, it can be seen that the S-parameter (S11) of the three types 
of the antenna (without stub-fed, stub-fed73 and stub-fed75) at the frequency target 2.5025 GHz 
about -11 dB, -15 dB, and -20 dB, respectively. Then, the S-parameters (S21) of the three types of 
antenna are almost the same, roughly -33 dB. 
Figure 2.12 shows the value of the gain and axial ratio (Ar) for the three types of simulation 
well-fed antenna without stub-fed and with stub-fed in different sizes at the frequency target 
2.5025 GHz. The value of each gain almost the same, around 6.93 dBic and also this case occur 
for each axial ratio, roughly 2.43 dB. Also, the gain-bandwidth-5dBic of the three types of the 
antenna is also almost the same, around 2.59%. The 3-dB axial ratio bandwidth for the three types 











     Figure 2.11 S-parameter, S11 and S21      Figure 2.12 Frequency characteristic 
 
Figure 2.13 shows the relationship between the characteristics of the radiation (gain-axial 
ratio) in the part of Az = 0° and elevation angle when the one of three patches antenna is switched 
OFF, and the others are switched ON. The results indicate that from the northern tip to the southern 
tip of Japan elevation angle of 38° to 58° relative to the satellite position (above the equator) for 












  Figure 2.13 Elevation-cut plane,             Figure 2.14 Conical-cut plane, 
              f = 2.5025 GHz                           El = 48° f = 2.5025 GHz 
 
Figure 2.14 describes the characteristic of conical pieces radiation in the El = 48° area. In 
this figure is seen that the peak of the gain and axial ratio for the three types of antenna are almost 
the same, around 7.56 dBic and 0.13 dB, respectively. Also, the values of the gain and axial ratio 
beamwidth meet the target for beam coverage of 120°. 
 
2.6 Coaxial feed for stack-patch triangular microstrip array 
antenna (Rx) including its fabrication 
2.6.1  Configuration of antenna 
Figures 2.15 (a) and (b) illustrate the array antenna configuration aimed at mobile satellite 
communications (r = 2.17, loss tangent 0.0009). The antenna is composed of three pentagonal 
patch antennas fed directly from the ground beneath the construction to radiating patch, instead 
of using three coaxial/probe feeds. At the top of the construction, it lies three triangular patches 
as parasitic elements. The dimension of the construction is 160 mm and 6.4 mm in diameter and 
height, respectively. Three single patch antennas are arranged in 120° difference to one another 
in the azimuth rotation to form the array antenna structure. The distance between two elements 
by viewing from the apex of the patch antenna is about 0.5λ to generate a beam directed as desired. 
The radiation characteristics of such kind of array configuration were reported in [26], where the 
array antenna can produce three beams in different azimuth direction (Az = 0°, 120°, and 240°). 
Moreover, the distance between the tip of the antenna element and the center point of array 
composition is set in different length for radiating and parasitic element. By considering the axial 
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ratio performance, their distance is set at 8.7 mm and 9.7 mm for fed and a parasitic elements, 
respectively. The proposed array antenna is applied for reception purpose. With this composition, 
a dual-band operation antenna with the reception and transmission antennas arranged in one 
dimension can be achieved. Besides, the array antenna is mounted on a stacked-parasitic patch to 
enhance the gain and bandwidth. Moreover, when this way is constructed, the loss of the 
switching circuit from beneath the array antenna may be compensated.  
For a patch antenna, in case the radiating element is loaded with a parasitic element on its 
top, it is possible to obtain a higher gain and a wider bandwidth by using the multiple resonances 
generated by the radiating element itself and the parasitic element [26-30]. Figure 2.15 (a) shows 
the configuration of the triangular patch array antenna with the parasitic element and Figure 2.15 
(b) shows the fabricated antenna. The circularly polarized radiation is obtained merely by the use 
of large truncation corner on the driven patch. This truncation corner can control the two 
orthogonal modes (mode #1 and mode #2 in Figure 2.16) on the patch [31]. The area of the 
truncation corner is wider than a single layer because the parasitic patch expands the Q of each 
mode; i.e., the resonant frequency of each mode can be widely separated. Accompanied with the 
feeding location and to match the 50 Ω matching input impedance, a 4 mm-air gap is inserted in 
the space between the radiating and parasitic elements. Moreover, the antenna can be fitted to the 
required frequency by varying a feed location, air gap thickness, and antenna dimension. With 
this consideration, the antenna resonates at 2.5025 GHz as a target frequency for reception 
antenna (Rx) in mobile satellite applications. Besides, by setting the isosceles length of the 
parasitic element to be shorter with a ratio of 0.95 to other sides, a good axial ratio CP operation 
can be obtained [32]. 
In this configuration, the fabricated antenna is low profile, small, and lightweight to be 
mounted on the car-rooftop, and the generated-antenna beam is always directed to the east 






















  (a) Calculation array antenna                     (b) Fabricated array antenna 










Figure 2.16 The two orthogonal modes with truncation corners 
 
2.6.2  Performance of results analysis 
Figures 2.17 to 2.21 illustrate the results from both calculation and measurement regarding 
S-parameter, axial ratio characteristic, and radiation pattern. The difference between the 
calculation and measurement that appears in the results is because a finite ground is used in the 
measurement while it is infinite in the calculations. Figure 2.17 demonstrates that the measured 
S11 tends to meet the calculated value. The impedance bandwidth (S11 < -10 dB) is about 6.93%. 












































Figure 2.18 illustrates that the measured result of axial ratio increases to 1.0 dB at frequency 
2.5025 GHz and El = 48° or θ = 42°. Moreover, the 3 dB axial ratio bandwidth gets about 1.7%. 
The measurement result is worse than the calculated result due to the variation in the measurement 
during the fabrication process. In order to match between measurement result of fabricated 
antenna and the calculation result, the antenna was optimized until the measurement result suits 
the target for mobile satellite applications. Here, the result satisfies the target although a little bit 
decreased.  
The axial ratio satisfies the target less than 3 dB, and the gain is more than 5 dBic at 
elevation angle El = 38° – 58° or θ = 32° – 52° as shown in Figure 2.19 at f = 2.48 GHz for 
calculation and f = 2.5025 GHz for measurement. This condition is achieved by having one of 
three ports switched OFF, and the others biased ON. This mechanism produces a beam that could 
be directed at the desired target.  
The beam of the antenna is generated by a simple ON-OFF mechanism that consists of one 
out of three radiating elements being turned off. For that reason, there is three OFF state beam 
switching mechanisms: #1 OFF, #2 OFF, and #3 OFF. By considering the mutual coupling 
between fed elements, their phases, and distances, the beam direction can be varied. Furthermore, 
the two feed elements theoretically will generate a beam shift of -90° in the conical-cut direction 
from the element which is switched OFF. For example, when element #1 located at Az = 30° is 
switched OFF, the beam is directed towards the azimuth angle Az = -60° or 300° as shown in 











         Figure 2.17 S-parameter, S11             Figure 2.18 Axial ratio characteristic 
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Figure 2.19 Elevation-cut plane 
 
The measured results of gain and axial ratio characteristics of the beam switching in the 
azimuth plane are shown in Figure 2.20 and Figure 2.21 at f = 2.48 GHz for calculation and f = 
2.5025 GHz for measurement. The tendency of the measurement results is the same as the 
calculated ones. The measured results show that at the center beam, the gain of each beam is 
averaged about 0.2 – 0.5 dB less than that of the calculation results. The axial ratio increases for 
each OFF condition, but the 3-dB axial ratio coverage of the measured result can cover 360° in 
the conical-cut plane at El = 48°. Moreover, the beam is possibly switched at a minimum gain of 
6.3 dBic. Also, although the axial ratio is shifted from the switched point, to cover 360° conical 
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2.7  Coaxial feed for stack-patch triangular microstrip array 
antenna (Tx and Rx) including its fabrication 
2.7.1  Configuration of antenna 
The antenna structure of six-element array antenna is depicted in Figure 2.22 (a) (r = 2.17, 
loss tangent 0.0009). The array antenna instead of three pentagonal patch antennas as radiating 
for its reception and transmission which each element directly fed by three coaxial/probe feed are 
located on the beneath of the construction. In the top of the construction is laid three isosceles 
triangular patches as parasitic elements. The proper feeding location on the radiating patch is 
chosen for matching with 50 Ω input feed. For more strength of matched with 50 Ω, air-gap is 
inserted at the area between the fed elements and the parasitic elements. Moreover, the function 
of feeding is to trigger the dominant mode and higher mode, to make circularly polarized, and to 
reduce the coupling with element one half [33].   
While the other air-gap function is to widen bandwidth and to increase the gain. Similar 
with the air-gap function, for more stability of it, the parasitic element is operated for not only 
that purpose, but also to make smooth circular polarized and to adjust coupling with the element 
beside it. In a matter of coupling, the distance between the apex of both transmission and reception 
element to the center point of array are set 9.7 mm and 19.7 mm, respectively. It is meant to 
reduce isolation with each closer patch and thus to get sufficient gain for obtaining the minimum 
requirement 5 dBic. Usually, for decreasing coupling to patch element closer each other, the 
needed distance between center of patch element (in this case 1/3 h, where h is a height of patch 
antenna) to the other closer patch element (d) is based on the formula 0.5 λ < d < λ, where λ is the 
wavelength of used [34]. Furthermore, based on investigate in calculation on Figure 2.22 (a) the 
both of coupling and current distribution are increased parallel with counter-clockwise moved, 
for example, coupling patch R1T1 > coupling patch R1T3 (seen Figure 2.25). In the otherwise 
manner coupling and current distribution become decreased. The construction of this antenna 
makes possible for exciting the two near-degenerate orthogonal modes of equal amplitudes and 
90° dimension phase difference for LHCP operation [35]. The dimension of the construction is 
160 mm and 6.4 mm in diameter and height, respectively. The fabricated antenna is pictured in 
Figure 2.22 (b) that show triangular array antenna more configurable (Tx and Rx in one planar 
substrate) rather than rectangular array antenna (Tx and Rx in two planar substrates separately, 














           
          (a) Calculation array antenna               (b) Fabricated array antenna 













Figure 2.23 The construction of rectangular array antenna, separately Tx and Rx [26] 
 
To help conduct the study, Ensemble version 8.0 is used to design and develop the model 
for those antennas. The use of such software provides some advantages for industry and 
researchers when developing new and unproven telecommunication technologies such as the 
ability of to conduct a preliminary study of the new antenna design (as an example) without 
having to build a hardware prototype.  
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2.7.2  Results and discussion 
Figure 2.24 to Figure 2.28 notices the results for both simulation and measurement, in the 
case of S-parameter, axial ratio characteristic, elevation-cut plane, and conical-cut plane. The 
difference between the calculation and measurement present in the results since a finite ground is 
used in the measurement and infinite ground in simulations. 
Figure 2.24 shows that the measured S11 both of Tx and Rx tends to meet the calculation 
ones. Moreover, the bandwidth below -10 dB of Rx in calculation and measurement results are 
7.79% and 8.39%, while the bandwidth results of Tx are 6.21% and 6.02%, respectively. At the 
frequency target in Rx = 2.5025 GHz, the value of S11 in calculation and measurement are -10.56 
dB and -12.15 dB rather than Tx = 2.6575 GHz about -13.13 dB and -12.86 dB, respectively. The 
isolation between elements located close to each other is more than 10 dB which is below the 
target isolation 20 dB. But the tendency of calculation and measurement results are met each other 










    
          Figure 2.24 S-parameter, S11             Figure 2.25 S-parameter, S21 
 
Figure 2.26 illustrates that the measured results of axial ratio both Tx and Rx are a shift to 
the higher frequency of about 2.79% and 1.32%, respectively. Moreover, the 3-dB axial ratio 
bandwidth gets both of Tx and Rx measured about 1.89% and 1.22% rather than calculated results 
about 1.99% and 1.69%, respectively. Moreover, the calculation results of gain versus frequency 
both Tx and Rx at the frequency targets 2.48 GHz and 2.63 GHz are 5.69 dBic and 6.9 dBic, 
respectively (see Figure 2.27). 
 





























      
      Figure 2.26 Axial ratio characteristic        Figure 2.27 Frequency characteristic 
 
The axial ratio satisfies the target less than 3 dB and the gain more than 5 dBic at elevation 
angle El = 38 - 58 or θ = 32° - 52° both of Tx and Rx in calculation and measurement result as 
shown in Figure 2.28 and Figure 2.29. The resonant frequencies of calculation are f = 2.63 GHz 
for Tx and f = 2.48 GHz for Rx. Moreover, the resonant frequencies of measurement are f = 2.6575 
GHz for Tx and f = 2.5025 GHz for Rx. This condition achieved by one of three ports is switched 
OFF, and the others bias ON. These mechanisms make a beam that could be directed suit with 
the desired target. 
The beam of the antenna is generated by a simple ON-OFF mechanism that consists in one 
out of three radiating elements to be turned off. For that reason, there are three OFF states beam 
switching mechanism, i.e., #1 OFF, #2 OFF, and #3 OFF. By considering the mutual coupling 
between fed elements, their phases, and distances, the beam direction can be varied. Furthermore, 
the two fed elements theoretically will generate a beam shift of -90° in the conical-cut direction 
from the element which is switched OFF. For example, when element Rx #1 located at Az = 90° 
is switched OFF, the beam is directed towards the azimuth angle Az = 0° (see Figure 2.22). 
The measured results of gain and axial ratio characteristics of the beam switching in the 
azimuth/conical plane are shown in Figure 2.30 (f = 2.63 GHz in calculation and f = 2.6575 GHz 
in measurement, Tx) and Figure 2.31 (f = 2.48 GHz in calculation and f = 2.5025 GHz in 
measurement, Rx). The tendency of the measurement results is the same as the calculation ones. 
The measured results of Rx show that at the center beam, the gain of each beam is matched with 
the calculation results while in Tx at the center beam the gain is averaged down in 0.1 – 0.3 dB 
rather than the calculation results. The axial ratio increases for each OFF condition, but the 3-dB 
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axial ratio coverage of the measured result can cover 360° in the conical-cut plane at El = 48°, in 
case of Rx. It difference for Tx that the measured result can cover the whole of azimuth 360° if 
only the axial ratio exists at around 4 dB. Moreover, the beam is possibly switched at minimum 
gain about 6 dBic both of Rx and Tx, and although the axial ratio is shifted from the switched 
point, to cover 360° conical-plane, the minimum axial ratio below 3 dB is possibly obtained, 










     
     Figure 2.28 Elevation-cut plane, Tx           Figure 2.29 Elevation-cut plane, Rx 
 
 











































El - Elevation angle [deg]
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2.8  Proximity coupled feed of triangular microstrip array antenna  
2.8.1  Configuration of antenna 
The antenna structure of single element [36] for sixteenth-element array antenna which is 
carried out the design and modeling are depicted in Figure 2.32. Design and modeling software 
refers to IE3D Zeland software to get the antenna receiving and transmitting placed in the fuselage 
UAV with a working frequency of 1.27 GHz. More complete data for the technical specifications 
of CP-SAR antenna on a UAV can be seen in Table 2.3. The shape of the antenna to be made is 
the truncated form of an equilateral triangle, made of type NPC (Nippon Pillar Packing)-H220A 
[37], with a relative permittivity of 2.17, loss tangent of 0.0005, and the substrate thickness of 1.6 



















Figure 2.32 The construction of 16-elements array antenna for Tx and Rx 
 
While the truncated function is to make circular polarization both LHCP and RHCP 
depended on the loci of the feeding antenna. Similar with the truncated function, for more stability 
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of it, the proximity technic of the feed is operated to make smooth circular polarized, to wide 
bandwidth, to increase the gain, and to adjust coupling with the element beside it [38]. In a matter 
of coupling, the distance between the apex of array elements both of beside of it and upper or 
below of it are set 55 mm and 40 mm, respectively. It is meant to reduce isolation with each closer 
patch and thus to get sufficient gain for obtaining the minimum requirement 3 dBic for a single 
element. Usually, for decreasing coupling to patch element closer each other, the needed distance 
between the patch element (in this case 1/3 h, where h is a height of patch antenna) to the other 
closer patch element (t1= 47.01 mm and t2 = 55 mm) is based on the formula 0.5 λ < d < λ, where 
λ is the wavelength of used [34]. Moreover, the size of ground g1 = 233.11 mm and g2 = 1209.96 
mm. 
 
Table 2.3 Technical specification of CP-SAR antenna on-board UAV 
No Antenna Parameters Specification for UAV 
1. Resonance Frequency (Center) (GHz) 1.27 
2. Pulse Band Wide (MHz) 233.31 
3. Axial Ratio (dB)  3 
4. Antenna Efficiency (dBic) > 80 % 
5. Gain Antenna (degree) 14.32 
6. Azimuth Beamwidth (degree)  6.77 
7. Elevation Beamwidth (degree) 3.57 – 31.02 
8. Antenna Size (m) 1.5 × 0.4 
9. Polarization (Tx/Rx) RHCP + LHCP 
 
2.8.2  Results analysis 
Figure 2.33 until Figure 2.36 show the relationship between the S-parameters and 
frequencies for element S55, S12, S19, S910 from the simulated antenna Tx and Rx. On the picture, it 
is seen that the S12 and S910  having a relatively similar result for patch elements are located 
adjacent positions (left-right), but it is very different from the S19 because of the location of the 
patch antenna is top-down. It can be seen that the effect of coupling loss of each patch antenna 
occurs that the S19 is relatively better than the S12 and S910, each value in the target frequency range 
of 1.27 GHz about -21.7 dB and -19.5 dB, respectively. While the value of the S55 is decreased 
compared with the single element antenna (-12.3 dB) of approximately -6.7 dB at the target 
frequency 1.27 GHz. This matter due to the 16-elements array antenna fed using 16 feeding and 
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all of each element are not still matched yet. Hence, it is very critical to obtain loss minimum 
possible value and to distribute the maximum flow power, and maximum gain, the optimized 
array antenna design using corporate feeding-line is a necessity. 
In Figure 2.37 until Figure 2.39, the images show the simulation results gain antenna among 
LHCP, RHCP and the total gain of the 16-element array equilateral triangular truncated antenna 
which is used the proximity fed. Gain total shows the stability in value due to an accumulation of 
LHCP and RHCP gain accumulation with a value of 12.5 dBi. The LHCP gain is relative the same 
with RHCP gain at the target frequency 1.27 GHz about 9.4 dBi. The 16-element array antenna 
is made by combining several single patches to increase the gain as long as the coupling that 



















   Figure 2.35 S-parameter, S19            Figure 2.36 S-parameter, S910 












     Figure 2.37 LHCP gain vs frequency           Figure 2.38 LHCP gain vs frequency 
 
Figure 2.40 shows the value of the axial ratio (Ar) 16-element array antenna that is 
relatively the same the result of a single antenna for simulation at the target frequency of 1.27 









        














Basic construction of triangular microstrip antennas for 
Circularly Polarized-Synthetic Aperture Radar 
 
 
3.1  Introduction 
Synthetic Aperture Radar (SAR) in the microwave band is an active sensor for the remote 
sensing application. By using this application, we can observe an object or phenomenon without 
touching it. Also, it helps human being related to the area of observation, such as surveillance, 
disaster mitigation, mapping, land, air, and ocean. SAR is a method to increase the resolution of 
radar observation, given by [37]  
𝑟 ≅ ቀఒ
௅
ቁ 𝐻       (3.1) 
where r is the resolution, λ is the wavelength, H is the altitude of the airspace, such as aircraft, 
Unmanned Aerial Vehicle (UAV) or satellite, and L is the size of the antenna or aperture.  
The total distance surrounding a fixed object within the view of the sensor field is equal to 
the resolution on the ground given by equation (3.1). This distance is known as the synthetic 
aperture. This behavior occurs through a complex process of the image as if we look at the point 
on the ground with an antenna size equal to the resolution determined by (3.1). Although it is not 
a correct way to figure out the problem, it is instructive to see how this would affect the resolution. 
Rewriting (3.1) to give us the real resolution, it is equal to the synthetic aperture size [37] 
𝑟௥௘௔௟ = 𝐿௦௬௡௧௛ ≅ ቀ
ఒ
௅




൰ 𝐻 = ቆ ఒ
ቀഊಽቁு
ቇ 𝐻 ≅ 𝐿      (3.3) 
However, the SAR sensor has some limitation. It is because of the phenomenon of propagation 
such as the reflective surfaces, the phase shift when the microwave touch the earth smoothly, and 
geometrical variation between the radar system and the ground. This phenomenon induces the 
random back signal-energy and the unwanted backscatter modulation signal. Also, the formed image 
becomes ambiguous identification, low different features of backscatter, and blurring spatial variants 
[12]. Because of the use of Circularly Polarized-Synthetic Aperture Radar (CP-SAR) sensor, the full 
characteristic of backscattered SAR signal can pass through the random object. If we compare CP-
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SAR with the linear polarization SAR sensor, then a large amount of information about the image 
target will be occurred [7]. 
The software used is EnsembleTM version 8 from Ansoft [14] for calculating the model of 
antennas: c1, c2, c3, c3s, an equilateral triangular, especially at the frequency around 2.5 GHz – 
2.9 GHz as a basic construction of array antenna embedded on Low Earth Orbit (LEO) 
microsatellite for CP-SAR application. Moreover, the only equilateral triangular antenna is 
included the measurement results. Also, we use the software of Computer Simulation Technology 
(CST) version 2016 from corporate company CST STUDIO SUITE [16] to simulate the triangular 
microstrip antenna at a resonant frequency, f = 1.25 GHz. It is lied on airspace and discussed into 
three parts specifically (a) LHCP and RHCP single patch antennas, (b) LHCP and RHCP modified 
lossless T-junction power divider 2  1, (c) LHCP and RHCP array two patches antennas using 
the modified lossless T-junction power divider 2  1. According to the software characteristics, 
the dielectric substrate and the ground plane are considered to be infinite. In this case, we set them 
to become finite.  
Table 1.1 shows the specification and the desired target for the CP-SAR system, which in 
turn influence the specification of the S-Band CP-SAR and the L-Band CP-SAR for airspace 
antenna [12]. Each antenna can generate a wave that yields a Circular Polarization (CP). The 
technique to achieve CP can be easily obtained, i.e., by adequately adjusting the element 
parameters, determining locus feed, and designing stub-fed [8, 13, 21].  
 
3.2 Model c2 and c3 antennas 
3.2.1  Antennas configuration 
Figure 3.1 and Figure 3.2 show the configuration of model c2 and c3 antennas, respectively. 
The equilateral triangle patch antenna has a side length, a = b and a conventional substrate 
(relative permittivity, εr = 2.17 and loss tangent, δ = 0.0009) [19]. The configuration of these 
antennas involves the cutting from each of the tip of an equilateral triangle patch antenna. We call 
these cutting as Ip and Is. The function of Ip is to make a perturbation to achieve the CP.  
Furthermore, the function of truncated-tips Is is to create a new phenomenon relatively for 
each antenna, for example in the c2 antenna if Is < Ip or in the c3 antenna if Is > Ip, then LHCP 
and RHCP occur when probe feed is located on the right and the left side of the equilateral triangle 
patch antenna, respectively. Also, LHCP can be obtained as follow: the effective current 
distribution that arises from the patch surface on the y-direction is slightly shorter than in the x-
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direction, which gives the y-directed resonant frequency slightly larger than the x-directed 
resonant frequency with equal amplitudes and 90° phase differences in the right side of the 
antenna. On the other hand, RHCP can be achieved oppositely. Further, the function of two 
truncated-tips with length Is has a role as switching to change the variation of polarization, if the 
probe feed exist on the same place (for example probe-fed take place in the right side, if Is > Ip 
and Is < Ip for c2 and c3 antennas, respectively, then RHCP occur on that place). If Is = Ip, then 
both of c2 and c3 antennas do not have circular polarization, only linear polarization can be 
obtained [13]. 
Moreover, the function of Is can also affect the impedance and the axial ratio bandwidth. 
It makes the impedance bandwidth narrow but the axial ratio bandwidth becomes wider and 
smoother than without Is (see in Figure 3.5). The consideration of the sufficient thickness of the 
antennas allows the substrate thickness for equilateral triangle patch to be defined, that is called 
a single layer (h = 1.6 mm) [13, 37]. The results for both c2 and c3 antennas are compared to 











    
    Figure 3.1 Configuration of c2 antenna         Figure 3.2 Configuration of c3 antenna 
 
3.2.2  Comparison results of model c2 and c3 antennas 
Figure 3.3 to Figure 3.5 show the simulation result of the truncated-tip of c2 and c3 
antennas, in case of, S-parameter, input impedance, and frequency characteristic. Figure 3.3 
shows the relationship between the reflection coefficient (S-parameter) and frequency for the 




















tip c2 antenna at the resonant frequency is better than the truncated-tip c3 antenna, namely about 
-23.7 dB and -17.9 dB, respectively. But the bandwidth impedance below -10 dB for both c2 and 
c3 antennas are a little bit different, around 0.05 GHz or 2%. This case is caused by loci of each 
feeding antenna (c2 and c3) that is already optimized on the proper place. Furthermore, it is also 
affected by perturbation area on both sides of each antenna (Is) which can reduce the S-parameter 
bandwidth.  
Figure 3.4 depicts the input impedance characteristic of Tx/Rx. This figure shows the real 
part of each antenna simulation that slightly the same for each antenna, which is approximately 
50 Ω at the operation frequency. Moreover, the reactance part of the truncated-tip c2 and c3 
antennas are also a little bit same, around 0 Ω at the resonant frequency. For coaxial/probe feed 
antenna, the input impedance depends on the feed position. The variation of input impedance at 
the resonant frequency with feeding position follow the cavity field. In the lowest mode, it is 
usually large when the feeding is near the edge of the patch and decreases as the feeding moves 
into the patch. Its magnitude can vary from tens to hundreds of ohms. By choosing the feeding 
position properly, an effective matching between the antenna and the transmission line can be 









Figure 3.3 S-parameter, S11                 Figure 3.4 Input impedance      
 
Figure 3.5 shows that the values of gain and the axial ratio (Ar) for simulation of the 
truncated-tip of c2 and c3 antennas at the resonant frequency 2.5 GHz are almost same around 
6.8 dBic and 0.42 dB, respectively. In addition, the bandwidth (△W) of axial ratio and gain both 
of c2 and c3 antennas are also slightly same about 0.0143 GHz or 0.572% and 0.08 GHz or 3.2%, 
respectively. 
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Figure 3.6 and Figure 3.7 depict the relationship between gain-axial ratio and elevation 
angle at Az = 0° and Az = 90°. At the elevation, El = 90° the maximum gain of c2 and c3 antennas 
are about 6.68 dBic in both of azimuth angles. But, they are a little bit different for axial ratio, 




















  Figure 3.6 Radiation characteristics (x-z)        Figure 3.7 Radiation characteristics (y-z)     
           at f = 2.5 GHz                             at f = 2.5 GHz  
 
From this results, we can note that the effect of the use of truncated-tip for both c2 and c3 
antennas related to the performances result are similar. But, only the axial ratio results are a little 
























































































3.3 Model c1, c3, and c3s antennas 
3.3.1  Antennas configuration 
Figure 3.8 shows the configuration of c1, c3, and c3s antennas design. The equilateral 
triangular patch has a length, a = b and a conventional substrate (εr = 2.17 and δ = 0.0009). The 
antenna is fed by a single probe located on the right side for CP. The side length construction of 
model c1, c3, and c3s antennas are the same size, a = b. In this case, the c1 antenna is without a 
slot on the ground plane and Is, while c3 antenna use Is but no slot on the ground plane, and the 
last one, c3s has both Is and slot on the ground plane. To show all of these antenna configurations, 
we make there is one figure as seen in Figure 3.8. Hence, the new phenomena occur for example 
in the c3 and c3s antennas if Is > Ip, then LHCP and RHCP are obtained as probe feed located on 
the right and the left side of the equilateral triangle patch antenna, respectively. Otherwise, in the 
c1 antenna if Is = 0 < Ip, then LHCP and RHCP occur when the probe feed is located on the left 
and the right side, respectively. As well, the function of Is serve as switching to change the 
variation of polarization, if the probe feed is located on the same place (for example probe feed 
locus in the right side, if Is < Ip for both c3 and c3s antennas, then RHCP will be achieved on that 
place). If Is = Ip, then both of c3 and c3s antennas do not have circular polarization and only 










Figure 3.8 Configuration of c1, c3 and c3s antennas 
 
In addition, LHCP and RHCP for c3 and c3s antennas can be obtained in the same manner 
as section 3.2.1. However, in case c1 antenna, the effective current distribution that rise from the 
patch surface in the y-direction is slightly longer than in the x-direction, which gives the y-directed 

























(TM10 mode) of the c1 antenna can be split into two near-orthogonal resonant modes with equal 
amplitudes and 90° phase difference for LHCP operation in the left side of the antenna. Also, 
RHCP can be attained in the opposite manner of the c1 antenna [41]. 
The slot of the c3s antenna embedded on the ground plane (see in Figure 3.8) causes the 
decrease of bandwidth antenna, but the advantage of this technique is to make the antenna smaller 
than other [42]. Furthermore, the function of the slot is to decrease the frequency operation where 
the current path or guide wavelength, λg of the TM10 mode with aperture is longer than the current 
path without a slot. Hence, the purpose of the c3s antenna is to yield the optimal result including 
the small antenna and the slightly wide bandwidth. 
Moreover, the annular sector slot is embedded on the ground plane with the width of radial, 
w = 1 mm. This is meant that the operating frequency decreases so that antenna can be designed 
smaller than the previous of c2 and c3 antennas in the section 3.2.1. Besides, the annular sector 
slot can appear in the other modes (TM20 and TM30) at the higher operation frequency. Placing 
this slot on around of the ground plane can affect the current path surface and the performance of 
the antenna. The result of the c3s antenna is compared with the other result of c1 and c3 antennas 
to know the improved performance of each antenna.  
 
3.3.2  Comparison results of model c1, c3, and c3s antennas 
Figure 3.9 to Figure 3.11 show the simulation results among c1, c3, and c3s antennas, in 
the case of S-parameter, input impedance, and frequency characteristic. The bandwidth of the c3 
antenna is the widest. The bandwidth of the c3s antenna is almost the same as the c1 antenna. It 
is caused by using double truncated-tips Is on the side of the patch antenna. Thus the total of 
vector current distributions increase only around this area. For the c3s antenna, the bandwidth 
decreases due to the use of an annular sector slot embedded on the ground plane. Moreover, the 
bandwidth of the c1 antenna also decreases, because of the truncated-tip without Is, but this is 
slightly wider than the c3s antenna. 
Figure 3.9 shows the relationship between the reflection coefficient (S-parameter) and 
frequency for the simulation Tx/Rx antenna. From this figure, it can be seen that the S-parameter 
of c3s antenna at the resonant frequency compared to the other (S11-c1 = -13.55 dB and S11-c3 = 
-13.81 dB) is the best about -21.07 dB. It is caused by the use of annular sector slot and the 
location of this slot on the ground plane which seems as the hyperbolic position respect to null 
potential or origin coordinate of the antenna (see in Figure 3.8). The S-parameter bandwidth of 
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the c3s antenna is the widest compared with the other. It is caused by the well-placed of the 
optimized feeding loci of the patch antenna compared to the other [43]. In addition, it is also 
affected by the perturbation area at both sides of patch antenna (Is) that can enhance the S-










   Figure 3.9 S-parameter, S11              Figure 3.10 Input impedance 
 
Figure 3.10 depicts the input impedance characteristic of the Tx/Rx antenna. This figure 
shows that both the real and reactance parts of impedance are different from each other. In case 
of c3s antenna, the real part approximate 50 Ω at the frequency operation. Moreover, the reactance 
part of this antenna is the best compared to the other around 0 Ω at the resonant frequency. 
Figure 3.11 shows the value of gain and an axial ratio (Ar) for simulation of c1, c3, and c3s 
antennas at the resonant frequency. The values are as follow: c1 antenna operates at the frequency 
2.76 GHz, gain RHCP = 6.66 dBic, Ar = 2.91 dB, the operation frequency of c3 antenna is 2.9 
GHz, gain LHCP = 6.98 dBic, Ar = 3.02 dB, and for c3s antenna has the operation frequency 
equal 2.505 GHz, gain LHCP = 6.08 dBic, Ar = 1.75 dB. Also, each antenna is fed by 
coaxial/probe feed at the same loci on the patch antenna and the same size in which only 
appropriate for the c3s antenna. It is clear that c1 and c3 antennas do not satisfy the target yet, 
especially the axial ratio. It is because the loci of feeding still not maximize yet on the surrounding 
of patch antenna.  
Moreover, the gain c3s antenna at the resonant frequency is the lowest, because the annular 
sector slot embedded on the ground plane can decrease it. Besides, gain-bandwidth of the c3 
antenna is the widest compared with the other. This matter is owing to the use of truncated-tip Is 
and without annular sector slot. 
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Figure 3.11 Frequency characteristic 
 
Figure 3.12 and Figure 3.13 depict the relationship between gain-axial ratio and elevation 
angle at Az = 0° and Az = 90°. At the elevation, El = 90° the maximum gain of c1, c3, and c3s 
antennas are consecutive of 6.66 dBic, 6.98 dBic, and 6.08 dBic in both of azimuth angles. While, 
the axial ratio of c1, c3, and c3s antennas are relatively different each other at the El = 90°, in the 
x-z plane about 2.85 dB, 3.12 dB, and 1.82 dB, respectively. In the same case, the values of the 
axial ratio at the y-z plane are consecutively 2.25 dB, 2.53 dB, and 1.82 dB. Moreover, the Ar-
beamwidth of c1, c3, and c3s antennas below 3 dB are different, in the x-z plane around 10°, 50°, 
and 90°, respectively. While, in the y-z plane they are consecutive at 60°, 67°, and 80°. From this 
results, we can notice that the effect of the use of truncated-tip and annular sector slot embedded 
on the ground plane of the c3s antenna at the resonant frequency and El = 90° make the axial ratio 










Figure 3.12 Radiation characteristics (x-z) at    Figure 3.13 Radiation characteristics (y-z) at 
f = 2.76 GHz, f = 2.9 GHz, and f = 2.505 GHz   f = 2.76 GHz, f = 2.9 GHz, and f = 2.505 GHz 






































0 30 60 90 60 30 0
















































3.4  Model equilateral triangular antenna 
3.4.1  Antennas configuration 
Figure 3.14 depicts the configuration of an optimized single equilateral triangular patch 
antenna with its fabrication and parameters. The patch antenna is fed by a microstrip line to obtain 
a thin shape. The purpose of dual feed type one is to generate LHCP by using equilateral triangular 
patch antenna without truncated-tips, which one of the microstrip line feed is longer than the other 
to introduce a 90° phase delay. In the same manner, RHCP can be realized by swapping the 
microstrip line to the y-axis. The design of feeding technique is to obtain an ideal and stable 
current distribution on the triangle patch surface that improves the previously developed antennas 
such as c1, c2, c3, and c3s antennas [19, 44]. 
The antenna is made of a thin conducting patch that the radiating patch and microstrip line 
feed is located on the same layer which has a thickness, h = 1.6 mm and uses a conventional 
substrate (εr  = 2.17 and δ = 0.0009) [40]. The quarter-wave transformer is used to obtain a 
matching impedance of 50 Ω for Transmitter/Receiver (Tx/Rx). The fabricated antenna also can 
be seen in Figure 3.14(b). The height and width of the ground plane are about 80 × 80 mm. Then, 
we compare the simulation and measurement results of the equilateral triangular antenna, to prove 












            (a) Simulation                           (b) Fabrication                           





3.4.2  Comparison results of model equilateral triangular antenna 
Figure 3.15 to Figure 3.19 show the result for both simulation and measurement in the case 
of S-parameter, input impedance, frequency characteristic, and radiation characteristics. The 
difference between simulation and measurement that appears in the results is due to the effect of 
finite ground used in measurement while it is infinite by simulation. 
Figure 3.15 shows the relationship between the reflection coefficient (S-parameter) and 
frequency for simulation and measurement of Tx/Rx antenna. From this figure, it can be seen that 
by comparison of the measurement with the simulation there is a frequency shifting about 1.5%. 
Also, the degree of agreement in the center frequency is slightly different for the -10 dB 
bandwidth. This difference is due to the fabrication error (e.g., drilling error about 0.1 mm) and 
the influence of the measurement system (connector, an aluminium plate) [18]. In this case, 
utilization of the stub antenna strongly affects to influence a smoothly S-parameter, then it 
satisfies the target. Figure 3.16 depicts the input impedance characteristic of Tx/Rx. This figure 
also shows that the measurement result is shifted to the higher frequency from the simulation 
result by 0.7%. In this case, the real part of measurement is 50 Ω. 
Figure 3.17 shows that the value of axial ratio measurement increases of about 18% 
compared to the simulation (0.27 dB to 1.49 dB), also the frequency is shifted about 0.9% (2.5 
GHz shifts to 2.53 GHz). This difference is due to the effect of the ground plane size, the antenna 
set, the hole in the substrate, the connector, and the coaxial cables. Moreover, the bandwidth of 
axial ratio both simulation and measurement below 3 dB consecutive of about 0.02 GHz or 20 










           Figure 3.15 S-parameter                   Figure 3.16 Input impedance 
 














































Figure 3.17 Axial ratio vs frequency 
 
Figure 3.18 and Figure 3.19 depict the relationship between gain-axial ratio and El in the 
Az = 0° and 90° planes, respectively. In the Az = 0°, the maximum gain of simulation and 
measurement results are consecutively 6.604 dBic and 6.696 dBic at the elevation, El = 90°. These 
values are a little bit different in the Az = 90°, especially for measurement result of gain, i.e., 6.398 
dBic. While, the axial ratio of simulation and measurement results are relatively different from 
each other at the El = 90°, in the x-z plane about 0.05 dB and 2.068 dB, respectively. In the same 
case, at y-z plane the axial ratio of simulation and measurement results are consecutively about 
0.049 dB and 1.71 dB.  Moreover, the 3-dB Ar-beamwidth for simulation and measurement are 
successively about 120° and 80°. These values satisfy the targeted elevation beamwidth of ≥ 2.16° 
at Table 1.1 (technical specification of CP-SAR system) for better resolution of CP-SAR LEO 











Figure 3.18 The x-z plane, simulation at          Figure 3.19 The y-z plane, simulation at 
f = 2.5 GHz, measurement at f = 2.53 GHz        f = 2.5 GHz, measurement at f = 2.53 GHz  
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The maximum gain obtained from the measurement result is similar to the simulation result, 
just a little bit different about 0.01 dB. This phenomenon is due to the utilization of a single-layer 
antenna to reduce the various losses that occur during the measurement. In the case of axial ratio, 
there is no effect for the use of the single layer. It is caused by the use of a finite ground plane 
that strongly affects the radiation pattern, especially the axial ratio characteristics. The 
configuration of the antenna and the measurement system, i.e., the coaxial cable, the connector, 
the hole, and the plastic screws in the substrates, are also considered to affect the current 
distribution on the patch surface so that decrease the axial ratio performance [40].  
Figure 3.20 describes the characteristic of azimuth plane radiation generated by the 
equilateral triangular patch antenna using microstrip line feed in the area of El = 90° or θ = 0° at 
the resonant frequency of f = 2.5 GHz for simulation and f = 2.53 GHz for measurement. From 
this figure, we can see that the peaks of the gain and the axial ratio both for simulation and 
measurement are the same for all of the azimuth angle or ϕ values, i.e., 6.604 dBic and 0.049 dB, 
6.398 dBic and 1.71 dB, respectively. Also, the values of the 3-dB Ar-beamwidth cover perfectly 
the whole of 360°. This result exhibit that the targeted azimuth beamwidth of ≥ 1.08° obtains the 










Figure 3.20 The x-y plane, simulation at f = 2.5 GHz, measurement at f = 2.53 GHz 
 
3.5  Model equilateral triangular truncated-tip antenna 
3.5.1  The LHCP and RHCP single patch antennas configuration 
Figure 3.21 shows the configuration of LHCP and RHCP single patch antennas design. The 
equilateral triangular patch has a length, a + t + h = p + 2t and a conventional substrate, εr = 2.17 
and δ = 0.0005. The antenna is fed by proximity couple located on the left side for LHCP and on 
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the right side for RHCP. The length of parameters in the design of LHCP and RHCP antennas are 
the same size for a, p, h, t, w1, w2, etc. In this case, the truncated-tip of t = 1.5008 mm and h = 
7.64 mm for smooth performance of the results. If t > h, then LHCP and RHCP are obtained when 
the proximity coupled feed is located on the right and the left side of the equilateral triangular 
patch antenna, respectively. Otherwise, if t < h, in the same manner, that LHCP and RHCP occur 
as the proximity coupled feed consecutively lies on the left and the right side. As well, the function 
of t serve as switching to change the variation of polarization, if the proximity coupled feed is 
located on the same place (for example, the proximity coupled feed locus in the right side, t < h, 
RHCP will be achieved on that place). If t = h, then both of the antennas do not have CP and only 
obtain a linear polarization [40, 45]. 
In addition, LHCP can be obtained as follow. The effective current distribution that arises 
from the patch surface on the y-direction is slightly shorter than in the x-direction, which gives 
the y-directed resonant frequency slightly larger than the x-directed resonant frequency. Hence, 
the dominant mode (TM10 ) of the antenna can be split into two near-orthogonal resonant modes 
with equal amplitudes and 90° phase difference in the right side for t > h. Also, LHCP can be 
achieved that the effective current distribution appearing from the patch surface on the y-direction 
is slightly longer than in the x-direction, which gives the y-directed resonant frequency somewhat 
smaller than the x-directed resonant frequency with equal amplitudes and 90° phase differences 
in the left side of the antenna for t < h. On the other hand, RHCP can be attained in the opposite 
manner both of case t > h and t < h [40]. Based on this idea, we can propose a new modified 
antenna as shown in Figure 3.21. This figure shows the configuration of equilateral triangular 
patch antennas using truncated-tip with their parameters. There are two types of substrate. In the 






















Figure 3.21. Configuration of the LHCP and RHCP single patch antennas 
 
3.5.2 Results and analysis 
In general, the discussion of the single patch antenna is limited only in the electric field. 
Especially for far-field or called as radiation characteristic, the elevation plane is mostly described 
rather than azimuth plane. As we know that the angle ϕ denote x-y or azimuth or magnetic field 
plane (moves from 0° in positive x-axes and rotates 360°) and θ indicate elevation or electric field 
plane (stir from 0° or elevation angle, El = 90° in positive z-axes to negative z-axes precisely 180° 
or El = -90°). 
Figure 3.22 depicts the relationship between the S-parameter and frequency for simulation 
of Tx/Rx antenna. From this figure, it can be seen the values of reflection coefficient (S11) at the 
resonant frequency for LHCP = -26.75 dB and for RHCP = -26.72 dB. Also, the S11 bandwidth 
both LHCP and RHCP are similar around 34 MHz (2.72%). Figure 3.23 describes that the input 
impedances of triangular array antennas at the resonant frequency are 50.54 Ω (LHCP) and 50.53 
Ω (RHCP), close to 50 Ω. The reactance parts of these antennas are 4.58 Ω (LHCP) and 4.60 Ω 
(RHCP), then it looks inductive and relative close to 0 Ω. Figure 3.24 shows that the frequency 
characteristic is not different for both LHCP and RHCP, at the resonant frequency, f = 1.25 GHz, 




































Figure 3.24 Frequency characteristic 
 
Figure 3.25 and Figure 3.26 depict the relationship between gain-axial ratio and elevation 
angle at the azimuth angle, Az = 0° and Az = 90°. At the elevation, El = 90° the maximum gain of 
LHCP and RHCP antennas are about 7.15 dBic and 7.16 dBic in both of azimuth angles. But, 
they are a little bit different for Ar, both in x-z and y-z planes, about 0.12 dB and 0.11 dB for each 
LHCP and RHCP antenna at El = 90°. Moreover, 3-dB Ar-beamwidth for simulation at Az = 0° 
and Az = 90° both of LHCP and RHCP are similar about 105°. It is satisfied the targeted 


















Figure 3.25 The x-z plane                 Figure 3.26 The y-z plane 
 
Figure 3.27 describes the characteristic of the azimuth plane generated by the LHCP and 
RHCP triangular microstrip patch antennas using proximity coupled feed in the area of El = 90° 
or θ = 0° at the resonant frequency. From this figure, we can see that the peaks of the gain and 
axial ratio both for LHCP and RHCP antennas are relatively the same for all of the azimuth angle 
or ϕ values, i.e., around 7.15 dBic and 0.1 dB, respectively. Besides, the values of 3-dB Ar-
beamwidth cover perfectly the whole of 360°. This result exhibit that the targeted azimuth 
beamwidth of ≥ 1.08° obtains the resolution of CP-SAR using airspace. Figure 3.28 shows the 
antenna efficiency that is meant the radiation efficiency about 91.39% for LHCP and 91.53% for 
RHCP antennas on a target frequency of 1.25 GHz. This result denotes that the targeted antenna 














3.6 Model array of equilateral triangular truncated-tip of two 
patches antennas using the modified lossless T-junction power 
divider 2 × 1 configuration 
3.6.1  The LHCP and RHCP modified lossless T-junction power divider 2  
1 configuration 
The power divider is a network with one input port and N output ports. The input power at 
the input port would be divided by the number of the output ports that yield the same output power 
at each output port. The incident waves and the reflected waves are related to input power and 
output power at the input port and the output ports. Then, the S-matrix regarding incident waves 
(a) and reflected waves (b) can be written as [45-48] 






𝑆ଵଵ 𝑆ଵଶ ⋯ 𝑆ଵே














൪    (3.4) 






       (3.5) 
Primarily, an incident wave drives port j and a reflected wave exits port i, where the ratio of the 
reflected wave to incident wave provides the S-matrix element Sij. Additionally, the incident 
waves on all ports other than port j are set equal to zero. A vector network analyzer is typically 
used to measure these parameters.  
For a device with more than two ports, for instance, a power divider (typically three ports), 
any ports that are not a part of the measurement are terminated with a matched load. When the 
device is matched at all ports, this implies that the input impedance seen at each port is equal to 
the characteristic impedance of the system. This equivalent impedance result in a reflection 
coefficient is equal to zero. This case means that any incident wave on the matched port will not 
be reflected or exit the port. Thus the reflected wave at that port will be equal to zero. By applying 
equation (3.5) to the matched port (the S-matrix element where i = j), the diagonal elements of S-
matrix reduce to zero.  
One common characteristic found in power dividers is reciprocity. A reciprocal device is 
the one in which the transmitted power between two ports of the device is the same regardless of 
the propagation direction through the device. For a reciprocal device [45-48], we have 
[𝑆] = [𝑆]் 𝑜𝑟 𝑆௜௝ = 𝑆௝௜ ;  𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖 𝑎𝑛𝑑 𝑗    (3.6) 
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Another property of the S-matrix is how much loss that can be attributed to the device. 
Ideally, a lossless power divider would be used in a system. However, the only low-loss divider 
is physically realizable. It has been shown, particularly by Pozar, that if the S-matrix of the device 
is unitary, then the device is lossless, as follow [45-48]  
[𝑆]்[𝑆]∗ = [𝐼] 𝑜𝑟 [𝑆∗]்[𝑆] = [𝐼]     (3.7) 
Where [I] is the identity matrix, the superscript T represents the transpose of the matrix, and the 
superscript asterisk (*) represents the conjugate of the matrix. For power leaving equal with power 
entering, we get 
|𝑏ଵ|ଶ + |𝑏ଶ|ଶ + ⋯ + |𝑏ே|ଶ = |𝑎ଵ|ଶ + |𝑎ଶ|ଶ + ⋯ + |𝑎ே|ଶ  (3.8) 
 [𝑏∗]்[𝑏] = [𝑎∗]்[𝑎]      (3.9) 
In equation (3.4), [b] = [S][a], then 
[𝑏]் = [𝑎]்[𝑆]்       (3.10) 
[𝑏∗]் = [𝑎∗]்[𝑆∗]்      (3.11) 
By substituting equation (3.11) to (3.9) and also equation (3.4) to (3.9), we obtain 
[𝑎∗]்[𝑆∗]்[𝑆][𝑎] = [𝑎∗]்[𝑎]       
[𝑎∗]்[𝑆∗]்[𝑆][𝑎] − [𝑎∗]்[𝑎] = 0  
[𝑎∗]்{[𝑆∗]்[𝑆] − [𝐼]}[𝑎] = 0      (3.12) 
Moreover, {[𝑆∗]்[𝑆] − [𝐼]} is equal with equation (3.7). A unitary matrix implies that the sum of 
the squares of the elements in a column of the S-matrix is equal to one. Isolation between the 
output ports of a power divider is also critical for device performance. Isolation is characterized 
as the ability of a signal at one port not to affect or be isolated from the signal at another port.  
In general, the power dividers are classified into eight main categories namely: T-junction, 
Wilkinson power divider, directional coupler, Lange couplers, hybrid junctions, multi-stage multi-
way power dividers, dual-band power dividers, and electromagnetic power dividers [49]. For 
three ports power divider, isolation between output ports, port 2 and port 3 (see Figure 3.29 and 
Figure 3.30), is essential for reducing cross-talk that can be caused by coupling between the ports. 
By definition, a -3 dB power divider is an ideal passive lossless reciprocal three ports device that 





൩      (3.13) 
According to the matrix in (3.13), the condition for a lossless network is given by equation (3.7). 
Also, the condition for a reciprocal network is described in equation (3.6). Then, the condition for 
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coefficient reflection load (ΓL) is 
Γ௅ = 1 − ห𝑆௜௝ห
ଶ = ௥௘௙௟௘௖௧௜௢௡ ௪௔௩௘
௜௡௖௜ௗ௘௡௧ ௪௔௩௘
; 0 ≤ Γ௅ ≤ 1; 𝑖, 𝑗 = 1,2,3  (3.14) 
If ΓL = 1⌊0°, then it occurs an open circuit condition. If ΓL = 1⌊180°, this is a short circuit condition. 
If ΓL =0, then this is a matched load circuit condition. Since, all the three ports of this power 





൩      (3.15) 
In the S-matrix, the elements S23 and S32 are associated with the isolation between the output 
ports. These correspond to signals entering port 2 and exiting port 3, and vice versa. When the 
magnitudes of these elements are small, high isolation is achieved between the ports. For the 
lossless condition to be true, the matrix in equation (3.15) must be unitary and satisfy 
|𝑆ଵଶ|ଶ + |𝑆ଵଷ|ଶ = 1      (3.16) 
|𝑆ଵଶ|ଶ + |𝑆ଶଷ|ଶ = 1      (3.17) 
|𝑆ଵଷ|ଶ + |𝑆ଶଷ|ଶ = 1      (3.18) 
𝑆ଵଷ∗𝑆ଶଷ = 0       (3.19) 
𝑆ଶଷ∗𝑆ଵଶ = 0       (3.20) 
𝑆ଵଶ∗𝑆ଵଷ = 0       (3.21) 
This condition means that two of the elements S12, S13, and S23 must be equal to zero to satisfy 
equations (3.19) – (3.21). For the sake of clarity of this analysis, S12 and S13 set equal to zero. 
However, it is clear that by setting S12 and S13 equal to zero, equation (3.16) is not satisfied. 
Consequently, when two of the elements S12, S13, and S23 are equal to zero, one of the equations 
(3.16) – (3.18) will not be satisfied. Thus a matched, reciprocal, lossless of three ports network 
becomes impossible to be realized [45-48]. 
Although, an ideal (matched, reciprocal, and lossless) power divider is not physically 
realizable, there are power dividers constructed using various types of transmission lines, such as 
waveguides, microstrip or stripline featuring unique characteristics. The lossless T-junction power 
divider, for example, is just three transmission lines connected at a single junction. To design a 
modified lossless T-junction power divider using microstrip (see Figure 3.29, Figure 3.30, and 
Table 3.1), the specific characteristics of the strip-line must be determined such as the parameters 













Figure 3.29 Modified lossless T-junction power  Figure 3.30 Modified lossless T-junction power   
          divider 2 × 1 for LHCP                     divider 2 × 1 for RHCP 
 
Table 3.1 The parameters of triangular array antenna 2 × 1 
No. Parameters Values  No. Parameters Values 
1 a 95.2311 mm  15 lf 20.17 mm 
2 p 101.38 mm  16 h1 1.6 mm 
3 h 7.64 mm  17 h2 1.6 mm 
4 t 1.5008 mm  18 q 114.855 mm 
5 w1 1.67 mm  19 b 27.96 mm 
6 w2 2.59 mm  20 c 12.44 mm 
7 △w1 0.46 mm  21 d 90 mm 
8 α 30°  22 u 30.97 mm 
9 le 21 mm  23 v 47.9 mm 
10 ls 19.7 mm  24 g1 196.3667 mm 
11 s 40.7 mm  25 g2 319 mm 
12 r 43.185 mm  26 εr 2.17 
13 r1 0.4 mm  27 δ 0.0005 
14 lst 21.9 mm     
 
3.6.2  The LHCP and RHCP array two patches antennas using the modified 
lossless T-junction power divider 2 × 1 configuration 
An essential element in the design of corporate feed beam-forming network configuration 
is the feeding network with multi-ports power divider circuit. The multi-ports power divider 
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distributes the power to the radiating patches. In the corporate feeding-line, we feed the power 
divider network involving T-junctions using 1 : n, n is some of patches. T-junctions are 
compensated by adjusting the length of the three striplines in which the length two or three of 
them are about λ/4, where λ is wavelength, for matching impedance 50 Ω [17]. Further, we can 
control the directed beam by rotating one of the adjacent patches on the opposite direction of 180° 
and also add more patches. In this research, we just explain the corporate feeding-line of three 
ports for two patches both LHCP and RHCP array antennas that close to lossless, reciprocal (-3 
dB from 10 log (½)), and matched load. 
Figure 3.31, Figure 3.32, and Table 3.1 show the configuration of triangular array antenna 
both LHCP and RHCP include the two radiating patches fed by corporate feeding-line with 
identical path lengths from the input port to output ports and their parameters. The corporate 
feeding-line design aims to acquire a tapered and in-phase output current distribution [18]. The 
parameter sizes of each patch (patch 1 and patch 2) are the same, namely the length of triangle 
side, a = 95.2311 mm and p = 101.38 mm, the length of perturbation segment, h = 7.64 mm and 
t = 1.5008 mm. Furthermore, the corporate feeding-line has one node of T-junction. This node 
has a function to distribute the current and to reach 2  1 patches having the same length from the 










Figure 3.31 Configuration of LHCP antenna   Figure 3.32 Configuration of RHCP antenna       
and modified lossless T-junction power divider  and modified lossless T-junction power divider 
 
For a symmetric corporate feeding-line, we use 2m to describe the number of radiating 
patches. Because we only focus on 2  1 patches, m is an integer indicating the number of T-
junctions toward patches for one patch and two patches [19]. Furthermore, radiating patches are 
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matched by the corporate feeding-line through the appropriate dimension of coupling structures. 
These make the distance between the corporate feeding-line-tip beneath radiating patches and null 
potential (O), lf = 20.17 mm. The element spacing of radiating patches is around λ/2 or d = 90 
mm, to create the stable radiation patterns which symmetric at the boresight beam [50, 51].  
To design the microstrip patch antenna, we choose a suitable dielectric constant with 
appropriate thickness and loss tangent [25]. A low value of the dielectric constant will increase 
the fringing field at the patch periphery. A thicker substrate will increase the radiation power, 
reduce conductor loss, and improve impedance bandwidth. A high loss tangent rises dielectric 
loss and then reduces antenna efficiency [52, 53]. In this work, Nippon Pillar Packing (NPC) 
H220A is chosen as the antenna substrate. It has a conventional substrate with dielectric constant 
(εr), and loss tangent (δ) are 2.17 and 0.0005, respectively. Moreover, the total substrate thickness 
of both LHCP and RHCP antennas is 3.2 mm.   
          
3.6.3  Results and analysis 
The real and imaginary parts of S-matrix both of LHCP (Figure 3.29) and RHCP (Figure 
3.30) of modified lossless T-junction power divider at f = 1.25 GHz taken from CST software are 
shown in equation (3.22) and (3.23), respectively [46]. 
[𝑆]௅ு஼௉ = ቎
0.04 + 𝑗0.16 0.44 − 𝑗0.53 0.43 − 𝑗0.54
0.44 −  𝑗0.53 −0.39 − 𝑗0.08 0.55 +  𝑗0.09
0.43 −  𝑗0.54 0.55 +  𝑗0.09 −0.38 −  𝑗0.07
቏  (3.22) 
We define that [𝑆]்௅ு஼௉  and [𝑆]
∗
௅ு஼௉  are transpose and a conjugate matrix of (3.22), 
respectively. 
[𝑆]ோு஼௉ = ቎
0.04 + 𝑗0.16 0.43 − 𝑗0.54 0.44 − 𝑗0.53
0.43 − 𝑗0.54 −0.38 − 𝑗0.07 0.55 +  𝑗0.09
0.44 −  𝑗0.53 0.55 +  𝑗0.09 −0.39 −  𝑗0.08
቏  (3.23) 
Also, we notice that [𝑆]்ோு஼௉ and [𝑆]
∗
ோு஼௉ are consecutively transpose and a conjugate matrix 
of (3.23). 
For reciprocity, they are clear for both LHCP and RHCP, i.e., [𝑆]௅ு஼௉ = [𝑆]்௅ு஼௉ and 
[𝑆]ோு஼௉ = [𝑆]்ோு஼௉. The matched ports of the divider set for LHCP S11 = 0.04 + j0.16, S22 = -
0.39 - j0.08, and S33 = -0.38 - j0.07 and for RHCP S11 = 0.04 + j0.16, S22 = -0.38 - j0.07, and S33 = 
-0.39 - j0.08 are relatively close to zero. It means that only a little bit of the incident waves on the 
matched port will be reflected or not exit the ports. Thus, the reflected waves at the ports will 
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close to zero. We get that both LHCP and RHCP are almost the lossless of the power divider, 
[𝑆]்[𝑆]∗ = [𝐼] 𝑜𝑟 [𝑆∗]்[𝑆] = [𝐼], as seen in (3.24) and (3.25). 
 
[𝑆]்[𝑆]∗௅ு஼௉ = ቎
0.9782 −0.0085 −  𝑗0.0022 −0.0005 −  𝑗0.0054
−0.0085 +  𝑗0.0022 0.9436 0.0384 +  𝑗0.0051





൩ (3.24)  
 
[𝑆]்[𝑆]∗ோு஼௉ = ቎
0.9782 −0.0005 −  𝑗0.0054 −0.0085 −  𝑗0.0022
−0.0005 +  𝑗0.0054 0.9364 0.0384 −  𝑗0.0051







Based on the designed antenna using corporate feeding-line in Figure 3.31 and Figure 3.32, 
the results are shown in Figure 3.33 until Figure 3.40. Figure 3.33 shows the relationship between 
the reflection coefficient (S11) and the frequency for the simulation Tx/Rx triangular array 
antennas. Moreover, the S11 values at the resonant frequency for LHCP = -19.43 dB and for RHCP 
= -19.40 dB. Besides, the S11 bandwidth both LHCP and RHCP are similar around 37 MHz 
(2.96%). Figure 3.34 depicts the input impedance characteristic of the triangular array 2  1 
antenna both LHCP and RHCP that consecutively the real parts of simulation at the resonant 
frequency are 40.73 Ω and 40.72 Ω, relative close to 50 Ω. The reactance parts of these antennas 
are -1.73 Ω (LHCP) and -1.84 Ω (RHCP), then it looks capacitive and close to 0 Ω. In the feed 
network, the length from the input port to output ports must be ﬁxed at l λ/4 (l = 1, 3, 5, etc.) to 







           Figure 3.33 S-parameter            Figure 3.34 Input impedance 
 
Figure 3.35 shows that the values of gain and axial ratio for simulation of triangular array 
antennas in the direction of θ = -29° for LHCP and θ = 30° for RHCP at the resonant frequency, 
f = 1.25 GHz, are about 7.63 dBic, 2.68 dB, 7.62 dBic, and 2.74 dB, respectively.  
Figure 3.36 and Figure 3.37 depict the relationship between gain and elevation or θ-angle 
produced from the triangular array 2  1 antennas both LHCP and RHCP (positive-θ for Az = 0° 
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or 90° and negative-θ for Az = 180° or 270°) as azimuth direction of CP-SAR at f = 1.25 GHz 
(see Figure 3.36 for Az = 0° or x-z plane and Figure 3.37 for Az = 90° or y-z plane). At the elevation 
-29° (LHCP) and 30° (RHCP), the average values of maximum gain and axial ratio of these 
antennas are about 7.625 dBic and 2.71 dB in both of azimuth angle, respectively. Furthermore, 
the values of 3-dB Ar-beamwidth for LHCP are 45° from -65° to -20° (Az = 180° or negative-θ), 
37° from -62° to -25° (Az = 270° or negative-θ), and 25° from 30° to 55° (Az = 0°, 90° or positive-
θ). While for RHCP are 27° from -57° to -30° (Az = 180°, 270° or negative-θ) and 57° from 5° to 
62° (Az = 0°, 90° or positive-θ). All of these values satisfy the targeted elevation beamwidth of  

















       Figure 3.37 Elevation y-z plane              Figure 3.38 Conical x-y plane 
 
Figure 3.38 describes the azimuth/conical plane in the area of θ = -29° for LHCP and θ = 
30° for RHCP at 1.25 GHz. The gain of LHCP and RHCP are 7.63 dBic and 7.62 dBic at ϕ = 0° 
also 7.43 dBic and 7.41 dBic at ϕ = 180°, respectively. Also, the Ar values of LHCP and RHCP 
are the same at 2.74 dB at ϕ = 0° likewise 2.99 at ϕ = 180°. In addition, the major values of 3-dB 
Ar-beamwidth of LHCP are about 57° from ϕ = 308° to ϕ = 5° and around 50° from ϕ = 130° to 
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ϕ = 180°. While for RHCP are roughly 55° from ϕ = 0° to ϕ = 55° and approximately 45° from ϕ 
= 180° to ϕ = 225°. Figure 3.39 shows the antenna efficiency about 87.25% for LHCP and 87.08% 
for RHCP antennas on a target frequency of 1.25 GHz. These results exhibit that the targeted 









Figure 3.39 Antenna efficiency 
 
We can conclude that the graph both of LHCP and RHCP coincide with each other, 
especially for frequency characteristic, S-parameter, input impedance, elevation-cut plane, and 
antenna efficiency. But for the azimuth-cut plane are different because the maximum values of 
gain and the minimum values of the axial ratio are achieved with different angles θ for each type 

















Development of triangular microstrip array antennas 
for sensor application using CP-SAR 
 
 
4.1  Introduction 
Theoretically, the size of the observation area of the conventional radar system depends on 
how big the size of sensor used or in other word depends on the size of the antenna aperture. The 
bigger the size of it, the larger observation area can be obtained. Radar captures a signal with a 
relatively low power level. In contrast to the other image techniques for instance Real Aperture 
Radar (RAR) that uses the actual size of the antenna, Synthetic Aperture Radar (SAR) works with 
a relatively small antenna which has a wide coverage area. Also, SAR technique is one of the 
radar techniques which is widely implemented due to its capability in improving the detection of 
azimuth resolution. 
Based on the description above, the construction beam, in Figure 4.1 and Figure 4.2, tend 
to relatively tilted right toward aircraft moving forward [1]. Hence, one of many techniques to set 
beam direction is the higher mode technique of radar beam antenna. This research discusses a 
radar antenna using low power at L-band on aircraft such as drone, small UAV, and UAV. 
Moreover, with the attached radar on the aircraft body, it will be able to obtain the need of 
communication infrastructure that has variety platform and capable of producing the processed 
data with high resolution and excellent image for any explored terrain. 
The configuration of equilateral triangular array antennas design with truncated-tip 
including radiating patches and corporate feeding-line with their parameters at the resonant 
frequency, f = 1.25 GHz. They are denoted and discussed into three parts including the analysis 
of power divider network, specifically (i) LHCP and RHCP triangular array four patches antennas, 
(ii) LHCP and RHCP triangular array eight patches antennas, (iii) LHCP and RHCP triangular 
array sixteen patches antennas. The parameter sizes of each patch are the same, namely the length 
of triangle side, a = 95.2311 mm and p = 101.38 mm, the length of perturbation segment, h = 7.64 
mm and t = 1.5008 mm.  
The corporate feeding-line has two nodes (four patches), seven nodes (eight patches), 
fifteen nodes (sixteen patches) of T-junction having a function to distribute the current from the 
input port to output ports and to reach 2  2, 2  4, and 2  8 patches, respectively. The same 
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length from input port to output ports are around 3.75λ or 610.5 mm (four patches), 5.25λ or 854.7 
mm (eight patches), and 7.9λ or 1286.12 mm (sixteen patches). For a symmetric corporate 
feeding-line that the number of radiating patches is 2m with some requirements. (i) m is an integer 
indicating the number of T-junctions toward patches for one patch, two and four patches. (ii) 
While for eight patches, m is an integer denoting the number of T-junctions which are not through 
patches. (iii) For sixteen, thirty-two, sixty-four, one hundred and twenty-eight, etc. patches, m is 
an integer exhibiting the number of T-junctions which are not through patches and input port 
divided by two and added with one. 
To obtain the triangular array antenna operating TM21 CP, we use the following rules [50, 
51]: (i) The truncated-tip radiating patches cooperated with corporate feeding-line have proper 
setting size, (ii) Right-angle bend and T-junctions connected with the corporate feeding-line have 
lossless transmission, (iii) The element spacing of adjacent radiating patches is around λ/2, (iv) 
In order to preserve the symmetric beam and to keep the low CP and the higher gain, the unwanted 
beams need to be suppressed. 
One of the major steps in designing of microstrip patch antenna is to choose a suitable 
dielectric constant with appropriate thickness and loss tangent. A thicker substrate will increase 
the radiation power, reduce conductor loss, and improve impedance bandwidth. A low value of 
the dielectric constant will increase the fringing field at the patch periphery. A high loss tangent 
rises dielectric loss and then reduces antenna efficiency. In this study, we choose the antenna 
substrate namely Nippon Pillar Packing (NPC) H220A which use a conventional substrate with 
dielectric constant or relative permittivity (εr), and loss tangent (δ) are 2.17 and 0.0005, 
respectively. Moreover, the substrate thickness of 1.6  2 (radiating patches and corporate 
feeding-line) is 3.2 mm. It is intended to attain the optimal performance of antenna characteristics 











Table 4.1 Technical specification of CP-SAR aircraft system 
No Antenna Parameters Specification for aircraft 
1. Resonant Frequency (Center) (GHz) 1.25 
2. Pulse Band Wide (MHz) 233.31 
3. Axial Ratio (dB)  3 
4. Antenna Efficiency (%) > 80 
5. Gain Antenna (dBic) 10, 12, 14 
6. Azimuth Beamwidth (°)  6.77 
7. Elevation Beamwidth (°) 3.57 – 31.02 
8. Antenna Size (m) 0.5 × 0.4, 0.7 × 0.4, 1.48 × 0.47 













  Figure 4.1 Geometry of a side-looking RAR    Figure 4.2 Geometry of a side-looking SAR  
 
4.2 LHCP and RHCP triangular array four patches antennas 
4.2.1 Configuration of antenna and power divider 2  2 network    
 Figure 4.3, Figure 4.4, and Table 4.2 show the configuration of triangular array antenna 
design both of LHCP and RHCP including radiating patches and corporate feeding-line with their 
parameters [54]. Each of the radiating patches has triangle shape of array antenna as the basic 
configuration of CP-SAR sensor. The parameter sizes of each patch (patch 1, patch 2, patch 3, 
and patch 4) are the same. Further, the corporate feeding-line has one node of T-junction. The 
node has two T-junction branches to distribute the current from the input port to radiating patches, 
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and to reach 2  2 patches that have the same length from the input port to radiating patches 
around 3.75λ or 610.5 mm, where λ is wavelength. The compensation of T-junction 
configurations uses rectangular and triangular notches if their approximate dimension is 
(h1+h2)/λ << 1, where h1 and h2 are the substrate thickness of radiating patches and corporate 
feeding-line, respectively. However, the accurate dimensions of the compensated configuration 
depend on the line widths, the dielectric constant, the substrate thickness, and other ways [17]. In 
this case, T-junctions are compensated by adjusting the length of the three microstrip lines 
forming the junction, wherein the length of two or three of them are about λ/4 for matching 
impedance 50 Ω. 
Figure 4.3 also describes that the radiating patches are fed by 1 : n (n is some patches, i.e., 
n = 4) power divider network with identical path lengths from the input port to each patch or 
called corporate feeding-line. Then, the beam position is independent of the frequency and the 
corporate feeding-line is broadband [18]. By incorporating proper line extensions toward patches 
and adjacent patches in the left-right sides on the opposite direction of 180°, the beam direction 
can be controlled. 
When the antenna only has one patch, the dominant mode has a role as the bigger beam 
rather than the higher mode of this patch [38]. It is purposed that the current path of TM10 mode 
with the perturbation segment is longer than the current path without the perturbation segment. 
Thus, the resonant frequency can be decreased. By adjusting the parameter perturbation segment, 
h and t, and the length of le = 21 mm, ls = 21 mm, lst = 20.6 mm, w1 = 1.67 mm, and w2 = 2.59 
mm, two orthogonal resonant modes of equal amplitudes and 90° phase difference with a compact 
CP operation on the resonant frequency at 1.25 GHz can be generated. But, when the antenna 
consists of four patches using corporate feeding-line, the antenna act as the higher mode (TM21) 
CP. This event happens because the location of corporate feeding-line is properly below the 
radiating patches having the perturbation segment. Also, the length of parameter corporate 
feeding-line, such as q = 114.855 mm, s = 40.7 mm, b = 27.96 mm, c = 80.6 mm, e = 19.155 mm, 
f = 6 mm, u = 83.16 mm, v = 40.7 mm, △w1 = 0.46 mm, and the bending length of 1.8w2 match 
each other. In the term of coupling compensation, the distance between the neighboring apex of 
patches are d = 90 mm and d1 = 120 mm. This manner is to reduce the isolation of the nearest 
patch and to get the sufficient minimum gain of 10 dBic coming from radiating patches. In order 
to decrease the coupling of adjacent patches, it needs that the distance between them is 0.5λ < d 
or d1 < λ [38]. Moreover, the size of ground is g1 = 403.8 mm and g2 = 319 mm. 
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For five ports power divider, isolation between output ports, for example, port 2 and port 3 
(see Figure 4.3 and Figure 4.4), is essential for reducing cross-talk that can be caused by coupling 
between the ports. By definition, a -6 dB power divider is an ideal passive lossless reciprocal five 
ports device that divides power equally in magnitude and phase. The S-parameter matrix related 
to this device is 































     (4.1) 
According to the matrix in (4.1), the condition for a lossless network is given by equation 
(3.7). Also, the condition for a reciprocal network is described in equation (3.6). Then, the 
condition for coefficient reflection load (ΓL) is 
Γ௅ = 1 − ห𝑆௜௝ห
ଶ = ௥௘௙௟௘௖௧௜௢௡ ௪௔௩௘
௜௡௖௜ௗ௘௡௧ ௪௔௩௘
; 0 ≤ Γ௅ ≤ 1; 𝑖, 𝑗 = 1,2,3,4,5  (4.2) 
If ΓL = 1⌊0°, then it occurs an open circuit condition. If ΓL = 1⌊180°, this is a short circuit condition. 
If ΓL =0, then this is a matched load circuit condition. Since, all the three ports of this power 
divider are matched, Sii = 0. The modified S-matrix for matched load condition is 































     (4.3) 
In the S-matrix, the elements S23 and S32 are associated with the isolation between the output ports. 
These correspond to signals entering port 2 and exiting port 3, and vice versa. When the 
magnitudes of these elements are small, high isolation is achieved between the ports. For the 
lossless condition to be true, the matrix in equation (4.3) must be unitary and satisfy 
 
|𝑆ଵଶ|ଶ + |𝑆ଵଷ|ଶ + |𝑆ଵସ|ଶ + |𝑆ଵହ|ଶ = 1    (4.4) 
|𝑆ଵହ|ଶ + |𝑆ଶହ|ଶ + |𝑆ଷହ|ଶ + |𝑆ସହ|ଶ = 1    (4.5) 
|𝑆ଵଶ|ଶ + |𝑆ଶଷ|ଶ + |𝑆ଷସ|ଶ + |𝑆ସହ|ଶ = 1    (4.6) 
𝑆ଵହ∗𝑆ଶହ𝑆ଷହ𝑆ସହ = 0      (4.7) 
𝑆ସହ∗𝑆ଷସ𝑆ଶଷ𝑆ଵଶ = 0      (4.8) 




This case means that eight of the elements S12, S13, S14, S15, S23, S25, S34, S35, and S45 must be equal 
to zero to satisfy equations (4.7) – (4.9). For the sake of clarity of this analysis, S12, S13, S14, and 
S15 set equal to zero. However, it is clear that by setting S12, S13, S14, and S15 equal to zero, equation 
(4.4) is not satisfied. Consequently, when eight of the elements S12, S13, S14, S15, S23, S25, S34, S35, 
and S45 are equal to zero, one of the equations (4.4) – (4.6) will not be satisfied. Thus a matched, 
















     Figure 4.3 LHCP triangular array              Figure 4.4 RHCP triangular array  














Table 4.2 The parameters of triangular array antenna 2 × 2 
No. Parameters Values  No. Parameters Values 
1 a 95.2311 mm  16 h2 1.6 mm 
2 p 101.38 mm  17 q 114.855 mm 
3 h 7.64 mm  18 b 27.96 mm 
4 t 1.5008 mm  19 c 80.6 mm 
5 s 40.7 mm  20 d 90 mm 
6 w1 1.67 mm  21 d1 120 mm 
7 w2 2.59 mm  22 e 19.155 mm 
8 △w1 0.46 mm  23 f 6 mm 
9  30°  24 u 83.16 mm 
10 le 21 mm  25 v 40.7 mm 
11 ls 21 mm  26 g1 403.8 mm 
12 r1 0.4 mm  27 g2 319 mm 
13 lst 20.6 mm  28 εr 2.17 
14 lf 20.17 mm  29 δ 0.0005 
15 h1 20.17 mm     
 
4.2.2 Results discussion 
The real and imaginary parts of S-matrix when the patches radiating are excluded and only 
the modified lossless T-junction power divider 2  2 network both of LHCP (Figure 4.3) and 








0.2 − 𝑗0.3 −0.03 − 𝑗0.41 −0.03 − 𝑗0.42 −0.02 − 𝑗0.49 −0.12 − 𝑗0.47
−0.03 − 𝑗 0.41
−0.03 − 𝑗0.42
−0.18 − 𝑗0.2 0.78 + 𝑗0.08
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−0.19 − 𝑗0.22 0.73 + 𝑗0.09






We define that [𝑆]்௅ு஼௉ and [𝑆]
∗
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Also, we notice that [𝑆]்ோு஼௉ and [𝑆]
∗
ோு஼௉ are consecutively transpose and a conjugate matrix 
of (4.11). For reciprocity, they are clear for both LHCP and RHCP i.e. [𝑆]௅ு஼௉ = [𝑆]்௅ு஼௉ and 
[𝑆]ோு஼௉ = [𝑆]்ோு஼௉.  
The matched ports of the divider set for LHCP S11 = 0.2 - j0.3, S22 = -0.18 - j0.2, S33 = -0.12 
- j0.2, S44 = -0.19 - j0.22, and S55 = -0.2 - j0.15 and for RHCP S11 = 0.2 - j0.3, S22 = -0.12 - j0.2, 
S33 = -0.18 - j0.2, S44 = -0.21 - j0.15, and S55 = -0.2 - j0.22 are relatively close to zero. It means 
that only a little bit of the incident waves on the matched port will be reflected or not exit the 
ports. Thus, the reflected waves at the ports will close to zero. We get that both LHCP and RHCP 









0.0005 − 𝑗0.0013 0.0012 − 𝑗0.0041 0.0006 − 𝑗0.0096 0.0002 − 𝑗0.0095
0.0005 + 𝑗0.0013
0.0012 + 𝑗0.0041
0.96 0.0157 + 𝑗0.0025 
0.0157 − 𝑗0.0025 0.9602
−0.0105 + 𝑗0.0045 −0.0098 − 𝑗0.0006
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0.9593 0.0221 + 𝑗0.0044




































0.0012 − 𝑗0.0041 −0.0007 − 𝑗0.006 −0.0038 − 𝑗0.0087 −0.0039 − 𝑗0.0035
0.0012 + 𝑗0.0041
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−0.0106 − 𝑗0.0016 0.0001 + 𝑗0.0034
−0.0038 + 𝑗0.0087
−0.0039 + 𝑗0.0035
−0.0037 + 𝑗0.0013 −0.0106 + 𝑗0.0016
−0.006 − 𝑗0.0039 0.0001 − 𝑗0.0034
0.9661 0.0024 − 𝑗0.0059





























But, when the radiating patches and the modified lossless T-junction power divider 2  2 
networks are operated in the CST software, then the results show in Figure 4.5 to Figure 4.11 for 
simulation of triangular array antenna 2  2, in the case of S-parameter, input impedance, 
frequency characteristic, radiation pattern, and antenna efficiency [54]. The bandwidth of the 
antenna is relative small caused by the characteristic of the microstrip antenna using single 
feeding that has an inherent limitation in gain, impedance and axial ratio bandwidth [19] [38]. 
Such limitations are mainly owing to the resonant nature of the patch array antenna which has a 
high unloaded Q-factor, and frequency-dependent excitation of two generated higher modes 
(TM21 and TM12) when using a single feeding. Moreover, the diminishing patch length (h and t 
parameter) decreases the total distributions of current vector. 
Figure 4.5 shows the relationship between the reflection coefficient (S11) and the frequency 
for the simulation Tx/Rx triangular array antenna. From this figure, it can be seen that the S11 value 
and the S11 bandwidth at the resonant frequency both of LHCP and RHCP are similar, i.e., about 
-17.06 dB and 38 MHz (3.04%), respectively. Figure 4.6 depicts the input impedance 
characteristic of Tx/Rx. This figure shows that the real part of the simulation at the resonant 
frequency of 1.25 GHz is 50.74 Ω (LHCP) and 50.87 Ω (RHCP), close to the value of 50 Ω. The 
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reactance part of this antenna is -14.33 Ω (LHCP) and -13.84 (RHCP), then it looks capacitive. 
In the feed network, the length from each patch to connector must be ﬁxed at l λ/4 (l = 1, 3, 5, 








      Figure 4.5 S-parameter, 2  2 patches      Figure 4.6 Input impedance, 2  2 patches      
  
Figure 4.7 shows that the values of gain and axial ratio (Ar) for simulation of triangular array 
antenna at the direction of θ = -30° for LHCP and θ = 31° for RHCP at the resonant frequency, f 
= 1.25 GHz are about by 11.02 dBic and 2.47 dB, and 10.96 dBic and 2.45 dB, respectively. 
Moreover, the 10-dBic gain-bandwidth and the 3-dB Ar-bandwidth both LHCP and RHCP are 








     Figure 4.7 Frequency characteristic,             Figure 4.8 Elevation x-z plane,      
              2  2 patches                               2  2 patches 
 
Figure 4.8 and Figure 4.9 depict the relationship between gain and elevation or θ-angle 
produced from the LHCP and RHCP triangle array antennas (negative-θ for Az = 180° or 270° 
and positive-θ for Az = 0° or 90°) as azimuth direction of CP-SAR at f = 1.25 GHz (see Figure 
4.8 for Az = 0° or x-z plane and Figure 4.9 for Az = 90 or y-z plane). The average maximum gain 
and minimum axial ratio values of the LHCP and RHCP triangular array antennas are about 11.02 
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dBic and 2.47 dB, and 11.03 dBic and 2.77 dB at θ = -30° and around 10.97 dBic and 2.71 dB, 
and 11.04 dBic and 2.46 dB at θ = 31°, respectively.  
Figure 4.8 shows that the beamwidth of the major lobes that exceed the target gain of 10 
dBic is around 25°, from -43° to -18° (Az = 180° or negative-θ) and from 18° to 43° (Az = 0° or 
positive-θ) both of LHCP and RHCP. Moreover, the simulation of the 3-dB Ar-beamwidth are 
85°, from -90° to -5°, and 55°, from 18° to 73° for LHCP, also 55° from -73° to -18° and 85° from 
5° to 90° for RHCP. In Figure 4.9, similar curves are seen for the simulated results of Az = 90° 
and Az = 270° for LHCP and RHCP. The beamwidth at 10 dBic of gain is around 25°, from -43° 
to -18° and from 18° to 43°. Furthermore, the simulated 3-dB Ar-beamwidth for LHCP is about 
85° for Az = 270° or negative-θ, from -90° to -5°, while for Az = 90° or positive-θ, the value of 3-
dB Ar-beamwidth is about 55°, from 18° to 73°. Also for RHCP is about 55° from -73° to -18° 
and 85° from 5° to 90°. These results indicate that the targeted elevation beamwidth is achieved 
and suit for our system requirement. The simulated gain-beamwidth of 10 dBic both LHCP and 
RHCP have occurred, but the simulated 3-dB Ar-beamwidth for LHCP and RHCP are still not 
satisfied the targeted elevation beamwidth of 3.57° – 31.02° yet at Table 4.1 for better resolution 
of CP-SAR. 
Figure 4.10 describes the characteristic of azimuth/conical pieces of radiation generated by 
the triangular array antenna in the area of θ = -30° at the resonant frequency of 1.25 GHz. From 
this figure, we can see that the peaks of the LHCP gain are 11.02 dBic at ϕ = 0° and 10.97 dBic 
at ϕ = 180°, while the axial ratio values of 2.47 dB at ϕ = 0° and 2.711 dB at ϕ = 180°. Moreover, 
the RHCP gain are 10.96 dBic at ϕ = 0° and 10.92 dBic at ϕ = 180°, while the axial ratio values 
of 2.447 dB at ϕ = 0° and 2.736 dB at ϕ = 180°. In addition, the values of the LHCP and RHCP 
gain-beamwidth of 10 dBic are = 40° (from ϕ = 340° to ϕ = 20°) and 35° (from ϕ = 160° to ϕ = 
195°). While, the values of the axial ratio beamwidth of 3 dB are 127° (from ϕ = 295° to ϕ = 62°) 
and 141° (from ϕ = 102° to ϕ = 243°) for LHCP, and 120° (from ϕ = 300° to ϕ = 60°) and 125° 
(from ϕ = 120° to ϕ = 245°) for RHCP. These results exhibit that the targeted azimuth beamwidth 















 Figure 4.9 Elevation y-z plane, 2  2 patches     Figure 4.10 Conical x-y plane, 2  2 patches  
     
Figure 4.11 shows the antenna efficiency that is meant the radiation efficiency about 
88.42% for LHCP and 88.31 for RHCP on a target frequency of 1.25 GHz. This result denotes 








Figure 4.11 Antenna efficiency, 2  2 patches 
 
4.3 LHCP and RHCP triangular array eight patches antennas 
4.3.1 Configuration of antenna and power divider 2  4 network    
Figure 4.12, Figure 4.13, and Table 4.3 show the configuration of an equilateral triangular 
array antenna with truncated-tip design including radiating patches and corporate feeding-line with 
their parameters [55]. Each of the radiating patches has the triangular shape of array antenna as the 
simple configuration of CP-SAR sensor. The parameter sizes of each element/patch (patch 1, patch 
2, patch 3, patch 4, patch 5, patch 6, patch 7, and patch 8) are the same. Further, the corporate feeding-
line has seven nodes of T-junction to distribute the current from the input port to radiating patches 
and to reach 2  4 patches that have the same length from the input port to radiating patches around 
5.25λ or 854.7 mm. By adjusting the parameter perturbation segment, h and t, and the length of le = 
21 mm, ls = 21 mm, lst = 20.6 mm, w1 = 1.67 mm, and w2 = 2.59 mm. Also, the length of parameter 
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corporate feeding-line, such as q = 114.855 mm, s = 40.7 mm, b = 27.96 mm, c = 80.2 mm, e = 
18.755 mm, f1 = 6 mm, f2 = 5.545 mm u1 = 150.5 mm, u2 = 133.5, v = 40.3 mm, △w1 = 0.46 mm, 
and the bending length of 1.8w1 and 1.8w2 match each other, the two orthogonal resonant modes of 
equal amplitudes and 90° phase difference with a compact TM21 CP operation on the resonant 
frequency at 1.25 GHz can be generated. This case happens because the location of corporate feeding-
line is properly below the radiating patches having the perturbation segment. 
For nine ports power divider, isolation between output ports, for example, port 2 and port 3 
(see Figure 4.12 and Figure 4.13), is essential for reducing cross-talk that can be caused by coupling 
between the ports. By definition, a -9 dB power divider is an ideal passive lossless reciprocal nine 
ports device that divides power equally in magnitude and phase. The S-parameter matrix related to 
this device is 
























































     Figure 4.12 LHCP triangular array            Figure 4.13 RHCP triangular array  
































































Table 4.3 The parameters of triangular array antenna 2  4 
No. Parameters Values  No. Parameters Values 
1 a 95.2311 mm  17 q 114.855 mm 
2 p 101.38 mm  18 b 27.96 mm 
3 h 7.64 mm  19 c 80.2 mm 
4 t 1.5008 mm  20 d 90 mm 
5 s 40.7 mm  21 d1 120 mm 
6 w1 1.67 mm  22 e 18.755 mm 
7 w2 2.59 mm  23 f1 6 mm 
8 △w1 0.46 mm  24 f2 5.545 mm 
9  30°  25 u1 150.5 mm 
10 le 21 mm  26 u2 133.5 mm 
11 ls 21 mm  27 v 40.3 mm 
12 r1 0.4 mm  28 g1 400 mm 
13 lst 20.6 mm  29 g2 700 mm 
14 lf 20.17 mm  30 εr 2.17 
15 h1 1.6 mm  31 δ 0.0005 









Figure 4.14 S-parameter, 2  4 patches 
 
According to the matrix in (4.14), the condition for a lossless network is given by equation 
(3.7). Also, the situation for a reciprocal network is described in equation (3.6). Then, the condition 




Γ௅ = 1 − ห𝑆௜௝ห
ଶ = ௥௘௙௟௘௖௧௜௢௡ ௪௔௩௘
௜௡௖௜ௗ௘௡௧ ௪௔௩௘
; 0 ≤ Γ௅ ≤ 1; 𝑖, 𝑗 = 1,2, . . ,9  (4.15) 
If ΓL = 1⌊0°, then it occurs an open circuit condition. If ΓL = 1⌊180°, this is a short circuit condition. 
If ΓL =0, then this is a matched load circuit condition. Since, all the three ports of this power 
divider are matched, Sii = 0. The modified S-matrix for matched load condition is 













































   (4.16) 
In the S-matrix, the elements S23 and S32 are associated with the isolation between the output 
ports. These correspond to signals entering port 2 and exiting port 3, and vice versa. When the 
magnitudes of these elements are small, high isolation is achieved between the ports. For the 
lossless condition to be true, the matrix in equation (4.16) must be unitary and satisfy. 
 
|𝑆ଵଶ|ଶ + |𝑆ଵଷ|ଶ + |𝑆ଵସ|ଶ + |𝑆ଵହ|ଶ + |𝑆ଵ଺|ଶ + |𝑆ଵ଻|ଶ + |𝑆ଵ଼|ଶ + |𝑆ଵଽ|ଶ = 1 (4.17) 
|𝑆ଵଽ|ଶ + |𝑆ଶଽ|ଶ + |𝑆ଷଽ|ଶ + |𝑆ସଽ|ଶ + |𝑆ହଽ|ଶ + |𝑆଺ଽ|ଶ + |𝑆଻ଽ|ଶ + |𝑆଼ଽ|ଶ = 1 (4.18) 
|𝑆ଵଶ|ଶ + |𝑆ଶଷ|ଶ + |𝑆ଷସ|ଶ + |𝑆ସହ|ଶ + |𝑆ହ଺|ଶ + |𝑆଺଻|ଶ + |𝑆଻଼|ଶ + |𝑆଼ଽ|ଶ = 1 (4.19) 
𝑆ଵଽ∗𝑆ଶଽ𝑆ଷଽ𝑆ସଽ𝑆ହଽ𝑆଺ଽ𝑆଻ଽ𝑆଼ଽ = 0     (4.20) 
𝑆଼ଽ∗𝑆଻଼𝑆଺଻𝑆ହ଺𝑆ସହ𝑆ଷସ𝑆ଶଷ𝑆ଵଶ = 0     (4.21) 
𝑆ଵଶ∗𝑆ଵଷ𝑆ଵସ𝑆ଵହ𝑆ଵ଺𝑆ଵ଻𝑆ଵ଼𝑆ଵଽ = 0     (4.22) 
 
This case means that twenty of the elements S12, S13, S14, S15, S16, S17, S18, S19, S23, S29, S34, S39, S45, 
S49, S56, S59, S67, S69, S78, S79, and S89 must be equal to zero in order to satisfy equations (4.20) – 
(4.22). For the sake of clarity of this analysis, S12, S13, S14, S15, S16, S17, S18, and S19 set equal to 
zero. However, it is clear that by setting S12, S13, S14, S15, S16, S17, S18, and S19 equal to zero, equation 
(4.17) is not satisfied. Consequently, when twenty of the elements S12, S13, S14, S15, S16, S17, S18, 
S19, S23, S29, S34, S39, S45, S49, S56, S59, S67, S69, S78, S79, and S89 are equal to zero, one of the equations 
(4.17) – (4.19) will not be satisfied. Thus a matched, reciprocal, lossless of three ports network 





4.3.2  Results discussion 
The real and imaginary parts of S-matrix when the radiating patches are excluded, and only 
the modified lossless T-junction power divider 2  4 networks both of LHCP (Figure 4.12) and 
RHCP (Figure 4.13) run in CST software at f = 1.25 GHz are shown in Appendix A1 [55]. 
However, when the radiating patches and the modified lossless T-junction power divider 2 
 4 networks are run in the CST software, then the results show in Figure 4.14 to Figure 4.20 for 
simulation of triangular array antenna 2  4, in the case of S-parameter, input impedance, 
frequency characteristic, radiation pattern, and antenna efficiency [55]. 
Figure 4.14 shows the relationship between the reflection coefficient (S11 of the corporate 
feeding-line of array antenna) and the frequency for the simulation of LHCP and RHCP Tx/Rx 
triangular array antenna. From this figure, it can be seen that the S11 value and the S11 bandwidth at 
the resonant frequency, f = 1.25 GHz both LHCP and RHCP are about -23.13 dB and 36 MHz 
(2.88%), respectively.  
Figure 4.15 depicts the input impedance characteristic of Tx/Rx. This figure shows that the real 
part of simulation at the resonant frequency of 1.25 GHz both of LHCP and RHCP is 50.15 Ω, close 
to the value of 50 Ω. The reactance part of this antenna is 7.02 Ω, and then it looks capacitive. If we 
see the feed network, the length from each patch to input port should be ﬁxed at l λ/4 (l = 1, 3, 5, etc.) 







        Figure 4.15 Input impedance,             Figure 4.16 Frequency characteristic,  
                  2  4 patches                          2  4 patches 
 
Figure 4.16 shows that the values of gain and axial ratio for simulation of triangular array 
antenna at the direction of θ = -36° (LHCP) and θ = 36° (RHCP) the resonant frequency, f = 1.25 
GHz are about by 13.46 dBic and 1.99 dB, respectively. Moreover, the 12-dBic gain-bandwidth and 
the 3-dB Ar-bandwidth are consecutively around 38 MHz (3.04%) and 6 MHz (0.48%).  
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Figure 4.17 and Figure 4.18 depict the relationship between gain and elevation or θ-angle 
produced from the triangular array antenna (negative-θ for Az = 180° or 270° and positive-θ for Az = 
0° or 90°) as azimuth direction of CP-SAR at f = 1.25 GHz (see Figure 4.17 for Az = 0° or x-z plane 
and Figure 4.18 for Az = 90° or y-z plane). At the elevation -36° (LHCP) and 36° (RHCP), the average 
maximum gain and the axial ratio value of the triangular array antenna are about 13.49 dBic and 1.99 
dB in both of azimuth angle, respectively. These figures also show that the beamwidth of the major 
lobes that exceed the target gain of 12 dBic both LHCP and RHCP are around 12°, from -42° to -30° 
(Az = 180° and Az = 270°or negative-θ) and from 30° to 42° (Az = 0° and Az = 90° or positive-θ). 
Moreover, the simulated 3-dB Ar-beamwidth both LHCP and RHCP are 38°, from -55° to -17° (Az 
= 180° and Az = 270°) and 53°, from 4° to 57° (Az = 0° and Az = 90°). The simulated gain-beamwidth 
of 12 dBic both LHCP and RHCP are achieved, but the simulated 3-dB Ar-beamwidth for LHCP 
and RHCP are still not satisfied the targeted elevation beamwidth of 3.57° – 31.02° yet at Table 








Figure 4.17 Elevation x-z plane, 2  4 patches    Figure 4.18 Elevation y-z plane, 2  4 patches         
 
Figure 4.19 describes the characteristic of azimuth/conical pieces radiation generated by the 
triangular array antenna in the area of θ = -36° (LHCP) and θ = 36° (RHCP) at the resonant frequency 
of 1.25 GHz. From this figure, we can see that the peaks of the gain are 13.46 dBic at ϕ = 0° and 
13.41 dBic at ϕ = 180°, while the axial ratio values of 1.89 dB at ϕ = 0° and 1.88 dB at ϕ = 180°. In 
addition, the values of the gain-beamwidth of 12 dBic are equal to 33° (from ϕ = 344° to ϕ = 17° and 
from ϕ = 164° to ϕ = 197°). While, the values of the axial ratio beamwidth of 3 dB are 95° (from ϕ = 
310° to ϕ = 45°) and 87° (from ϕ = 137° to ϕ = 224°). These results exhibit that the targeted azimuth 











Figure 4.19 Conical x-y plane, 2  4 patches     Figure 4.20 Antenna efficiency, 2  4 patches 
 
Figure 4.20 shows the antenna efficiency that is meant the radiation efficiency for LHCP = 
84.32% and RHCP = 84.33% on a target frequency of 1.25 GHz. This result denotes that the targeted 
antenna efficiency of 80% is acquired for CP-SAR using small UAV. 
 
4.4 LHCP and RHCP triangular array sixteen patches antennas 
4.4.1 Configuration of antenna and power divider 2  8 network    
Figure 4.21, Figure 4.22, and Table 4.4 show the configuration of triangular array antenna 
both LHCP and RHCP include the sixteen radiating elements/patches which are fed by 1 : n (n is 
number of patches or n = 16) power divider network with identical path lengths from the input 
port to each patch or called corporate feeding-line, and their parameters [17, 56]. The corporate 
feeding-line design aims to ingeniously shape each corporate feeding-line junction to acquire a 
tapered and in-phase output current distribution [18]. The parameter sizes of each element/patch 
(patch 1, patch 2, patch 3, patch 4, patch 5, patch 6, patch 7, patch 8, patch 9, patch 10, patch 11, 
patch 12, patch 13, patch 14, patch 15, and patch 16) are the same, namely the length of triangle 
side, a = 95.2311 mm and p = 101.38 mm, the length of perturbation segment, h = 7.64 mm and 
t = 1.5008 mm. Furthermore, the corporate feeding-line has fifteen nodes of T-junction. These 
nodes have a function to distribute the current from the input port to radiating patches or output 
port, and to reach 2  8 patches that have the same length from the input port to radiating patches 
around 7.9λ or 1286.12 mm. 
By adjusting the parameter perturbation segment or truncated tips, h and t, and the length 
of le = 21 mm, ls = 21 mm, r1 = 0.4 mm, lst = 20.6 mm, w1 = 1.67 mm, and w2 = 2.59 mm, two 
orthogonal resonant modes of equal amplitudes and 90° phase difference with a compact CP 
operation on the resonant frequency at 1.25 GHz can be generated for dominant mode TM10 that 
act as single element. But, when the antenna consists of sixteen patches using corporate feeding-
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line (see Figure 4.21 and Figure 4.22), the antenna has a role as the higher mode (TM21) CP. This 
phenomenon occurs because the location of corporate feeding-line is matched below the radiating 
patches having the microstrip lines in the input port, the output ports, and between any two T-
junctions are 50 Ω transmission lines. This can be fulfilled with the parameters size of corporate 
feeding-line as follow: q = 114.855 mm, s = 40.7 mm, b = 27.96 mm, c = 80.2 mm, e = 18.755 
mm, f1 = 6 mm, f2 = 5.545 mm, u1 = 156.065 mm, u2 = 192.875 mm, u = 342.07 mm, v1 = 40.3 
mm, v2 = 41.315 mm, v = 32 mm, w3 = 4.01 mm, △w2 = 0.71 mm, and the bending length of 





























Table 4.4 The parameters of triangular array antenna 2  8  
No. Parameters Values  No. Parameters Values 
1 a 95.2311 mm  19 c 80.2 mm 
2 p 101.38 mm  20 d 90 mm 
3 h 7.64 mm  21 d1 120 mm 
4 t 1.5008 mm  22 e 18.755 mm 
5 s 40.7 mm  23 f1 6 mm 
6 w1 1.67 mm  24 f2 5.545 mm 
7 w2 2.59 mm  25 u1 156.065 mm 
8 △w1 0.46 mm  26 u2 192.875 mm 
9  30°  27 u 342.07 mm 
10 le 21 mm  28 v1 40.3 mm 
11 ls 21 mm  29 v2 41.315 mm 
12 r1 0.4 mm  30 v 32 mm 
13 lst 20.6 mm  31 w3 4.01 mm 
14 lf 20.17 mm  32 △w2 0.71 mm 
15 h1 1.6 mm  33 g1 470 mm 
16 h2 1.6 mm  34 g2 1480 mm 
17 q 114.855 mm  35 εr 2.17 
18 b 27.96 mm  36 δ 0.0005 
 
In other hands, the perturbation segment or truncated tips function is to create LHCP and 
RHCP depended on the loci of corporate feeding-line toward the triangular array antenna. The 
loci of corporate feeding-line and the triangular array patches antenna shown in Figure 4.21 
operate as LHCP because the constructed corporate feeding-line is located on left side of the null 
potential of patches antenna. Otherwise, we can construct for RHCP antenna with the same shape 
of the LHCP antenna and similar results with LHCP performances by flipping the corporate 
feeding-line to the y-axis and rotate the triangular patches of the LHCP antenna in place as far as 
180° that can be seen in Figure 4.22. To establish the perturbation segment or the truncated tips 
function, then the proximity couple technique of corporate feeding-line is operated to obtain 
several purposes, such as to eliminate spurious feed radiation, to create smooth CP, to widen 
bandwidth, to increase the gain, and to adjust coupling among the adjacent patches [12, 13]. This 
scheme also provides the choices between two different dielectric media, one for the patch 
radiating and one for the corporate feeding-line to optimize the individual performances. In the 
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term of coupling compensation, the distance between the adjacent apex of patches are d = 90 mm 
and d1 = 120 mm. This manner is to reduce the isolation of the nearest patch and to get the 
sufficient minimum gain of 14 dBic coming from radiating patches. Moreover, the sizes of ground 
are g1 = 470 mm and g2 = 1480 mm [56]. 
For seventeen ports power divider, isolation between output ports, for example, port 2 and port 
3 (see Figure 4.21 and Figure 4.22), is essential for reducing cross-talk that can be caused by coupling 
between the ports. By definition, a -12 dB power divider is an ideal passive lossless reciprocal 
seventeen ports device that divides power equally in magnitude and phase. The S-parameter matrix 
related to this device is 
 







































































































































































































































































































































According to the matrix in (4.27), the condition for a lossless network is given by equation 
(3.7). Also, the condition for a reciprocal network is described in equation (3.6). Then, the condition 
for coefficient reflection load (ΓL) is 
Γ௅ = 1 − ห𝑆௜௝ห
ଶ = ௥௘௙௟௘௖௧௜௢௡ ௪௔௩௘
௜௡௖௜ௗ௘௡௧ ௪௔௩௘
; 0 ≤ Γ௅ ≤ 1; 𝑖, 𝑗 = 1,2, . . ,9  (4.24) 
If ΓL = 1⌊0°, then it occurs an open circuit condition. If ΓL = 1⌊180°, this is a short circuit condition. 
If ΓL =0, then this is a matched load circuit condition. Since, all the three ports of this power 











































































































































































































































































































































In the S-matrix, the elements S23 and S32 are associated with the isolation between the output 
ports. These correspond to signals entering port 2 and exiting port 3, and vice versa. When the 
magnitudes of these elements are small, high isolation is achieved between the ports. For the 
lossless condition to be true, the matrix in equation (4.25) must be unitary and satisfy 
 
|𝑆ଵଶ|ଶ + |𝑆ଵଷ|ଶ + |𝑆ଵସ|ଶ + |𝑆ଵହ|ଶ + |𝑆ଵ଺|ଶ + |𝑆ଵ଻|ଶ + ⋯ + |𝑆ଵଵ଻|ଶ = 1  (4.26) 
|𝑆ଵଵ଻|ଶ + |𝑆ଶଵ଻|ଶ + |𝑆ଷଵ଻|ଶ + |𝑆ସଵ଻|ଶ + |𝑆ହଵ଻|ଶ + |𝑆଺ଵ଻|ଶ + ⋯ + |𝑆ଵ଺ଵ଻|ଶ = 1 (4.27) 
|𝑆ଵଶ|ଶ + |𝑆ଶଷ|ଶ + |𝑆ଷସ|ଶ + |𝑆ସହ|ଶ + |𝑆ହ଺|ଶ + |𝑆଺଻|ଶ + ⋯ + |𝑆ଵ଺ଵ଻|ଶ = 1  (4.28) 
𝑆ଵଵ଻∗𝑆ଶଵ଻𝑆ଷଵ଻𝑆ସଵ଻𝑆ହଵ଻𝑆଺ଵ଻𝑆଻ଵ଻𝑆଼ଵ଻𝑆ଽଵ଻𝑆ଵ଴ଵ଻𝑆ଵଵଵ଻𝑆ଵଶଵ଻𝑆ଵଷଵ଻𝑆ଵସଵ଻𝑆ଵହଵ଻𝑆ଵ଺ଵ଻ = 0 (4.29) 
𝑆ଵ଺ଵ଻∗𝑆ଵହଵ଺𝑆ଵସଵହ𝑆ଵଷଵସ𝑆ଵଶଵଷ𝑆ଵଵଵଶ𝑆ଵ଴ଵଵ𝑆ଽଵ଴𝑆଼ଽ𝑆଻଼𝑆଺଻𝑆ହ଺𝑆ସହ𝑆ଷସ𝑆ଶଷ𝑆ଵଶ = 0 (4.30) 
𝑆ଵଶ∗𝑆ଵଷ𝑆ଵସ𝑆ଵହ𝑆ଵ଺𝑆ଵ଻𝑆ଵ଼𝑆ଵଽ𝑆ଵଵ଴𝑆ଵଵଵ𝑆ଵଵଶ𝑆ଵଵଷ𝑆ଵଵସ𝑆ଵଵହ𝑆ଵଵ଺𝑆ଵଵ଻ = 0  (4.31) 
 
This event means that forty-six of the elements S12, S13, S14, S15, S16, S17, S18, S19, S110, S111, S112, 
S113, S114, S115, S116, S117, S23, S217, S34, S317, S45, S417, S56, S517, S67, S617, S78, S717, S89, S817, S910, S917, 
S1011, S1017, S1112, S1117, S1213, S1217, S1314, S1317, S1415, S1417, S1516, S1517, and S1617 must be equal to zero 
in order to satisfy equations (4.29) – (4.31). For the sake of clarity of this analysis, S12, S13, S14, 
S15, S16, S17, S18, S19, S110, S111, S112, S113, S114, S115, S116, and S117 set equal to zero. However, it is 
clear that by setting S12, S13, S14, S15, S16, S17, S18, S19, S110, S111, S112, S113, S114, S115, S116, and S117 
equal to zero, equation (4.26) is not satisfied. Consequently, when forty-six of the elements S12, 
S13, S14, S15, S16, S17, S18, S19, S110, S111, S112, S113, S114, S115, S116, S117, S23, S217, S34, S317, S45, S417, S56, 
S517, S67, S617, S78, S717, S89, S817, S910, S917, S1011, S1017, S1112, S1117, S1213, S1217, S1314, S1317, S1415, S1417, 
S1516, S1517, and S1617 are equal to zero, one of the equations (4.26) – (4.28) will not be satisfied. 





4.4.2  Results discussion 
The real and imaginary parts of S-matrix when the patches radiating are excluded and only 
the modified lossless T-junction power divider 2  8 networks with substrate thickness, h2 = 1.6 
mm, both of LHCP (Figure 4.21) and RHCP (Figure 4.22) taken in CST software at f = 1.25 GHz 
can be seen in Appendix A2 [56]. 
However, when the radiating patches and the modified lossless T-junction power divider 2 
 8 networks are run in the CST software, then the results show in Figure 4.23 to Figure 4.29 for 
simulation of triangular array antenna 2  8, in the case of S-parameter, input impedance, 
frequency characteristic, radiation pattern, and antenna efficiency [56]. The bandwidth of the 
antenna is relative small caused by the characteristic of the microstrip antenna using a single feed 
that has an inherent limitation in impedance, axial ratio, and gain bandwidth [25, 57]. Such 
limitations are mainly owing to the resonant nature of the patches array antenna which has a high 
unloaded Q-factor, and frequency-dependent excitation of two generated higher modes (TM21 and 
TM12) when using a single feed. The unloaded Q-factor of the antenna is the crucial parameter, 
which influences the bandwidth of the antenna. It can be related to the geometrical characteristics 









   (4.36) 
With p  s ≥ 1, where ω0 is the resonant angular frequency, and εr is the relative dielectric constant. 
Equation (4.36) indicates that the unloaded Q-factor is reduced if the volume (V) to surface (S) 
ratio is minimized. Then, this condition increases the bandwidth of the antenna [53]. 
Figure 4.23 shows the relationship between the reflection coefficient (S11) and the 
frequency for the simulation Tx/Rx triangular array antenna 2  8. From this figure, it can be seen 
that the S11 values at the resonant frequency for LHCP = -20.44 dB and for RHCP = -20 dB. 
Besides, the S11 bandwidth both LHCP and RHCP are similar around 34 MHz (2.72%). Figure 
4.24 depicts the input impedance characteristic of the Tx/Rx triangular array antenna 2  8. This 
figure shows that the real parts of the simulation at the resonant frequency of 1.25 GHz are 32.79 
Ω (LHCP) and 32.41 Ω (RHCP), relative close to 50 Ω. The reactance parts of these antennas are 
-5.04 Ω (LHCP) and -5.11 Ω (RHCP), then it looks capacitive and relative close to 0 Ω. In the 
feed network, the length from each patch or output port to input port must be ﬁxed at l λ/4 (l = 1, 










     Figure 4.23 S-parameter, 2  8 patches     Figure 4.24 Input impedance, 2  8 patches      
 
Figure 4.25 shows that the values of gain and axial ratio for simulation of triangular array 
antenna 2  8 at the direction of θ = 38° for LHCP and θ = -38° for RHCP at the resonant 
frequency, f = 1.25 GHz are about 16.55 dBic, 2.4 dB, 16.52 dBic, and 2.58 dB, respectively. 
Moreover, the 14 dBic gain-bandwidth and the 3-dB Ar-bandwidth both for LHCP and RHCP are 








     Figure 4.25 Frequency characteristic,            Figure 4.26 Elevation x-z plane,      
               2  8 patches                               2  8 patches 
 
Figure 4.26 and Figure 4.27 depict the relationship between gain and elevation or θ-angle 
produced from the triangular array antenna both LHCP and RHCP (negative-θ for azimuth, Az = 
180° or 270° and positive-θ for Az = 0° or 90°) as azimuth direction of CP-SAR at f = 1.25 GHz 
(see Figure 4.26 for Az = 0° or x-z plane and Figure 4.27 for Az = 90° or y-z plane). At the elevation 
-38° and 38° the average maximum gain, and the average axial ratio values of the triangular array 
antennas are about 16.54 dBic and 2.49 dB in both of azimuth angle, respectively. Figure 4.26 
shows the beamwidth of the major lobes that exceed the target gain of 14 dBic both LHCP and 
RHCP around 10°, from -45° to -35° (Az = 180° or negative-θ) and from 35° to 45° (Az = 0° or 
positive-θ). Moreover, the simulated Ar-beamwidth of 3 dB for LHCP are 27° from -47° to -20° 
and 25° from 25° to 50°. While for RHCP are 12° from -47° to -35° and 33° from 17° to 50°. In 
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Figure 4.27, similar curves are seen for the simulated results of Az = 90° and Az = 270°. The gain-
beamwidth at 14 dBic both LHCP and RHCP are almost the same at around 10°, from -45° to -
35° and from 35° to 45°. Furthermore, the simulated 3-dB Ar-beamwidth for LHCP approximate 
27° from -47° to -20° (Az = 270° or negative-θ) and 25° from 25° to 50° (Az = 90° or positive-θ). 
While for RHCP are around 12° from -47° to -35° and about 33° from 17° to 50°. All of these 
values satisfy the targeted elevation beamwidth of 3.57° – 31.02° in Table 4.1 for better resolution 








Figure 4.27 Elevation y-z plane, 2  8 patches     Figure 4.28 Conical x-y plane, 2  8 patches      
 
Figure 4.28 describes the characteristic of azimuth/conical pieces radiation generated by 
the triangular array antenna in the area of θ = 38° for LHCP and θ = -38° for RHCP at the resonant 
frequency of 1.25 GHz. From this figure, we can see that the peaks of the LHCP-gain and RHCP-
gain are 16.55 dBic and 16.52 dBic at ϕ = 0° also 16.29 dBic and 16.36 dBic at ϕ = 180°, 
respectively. While the axial ratio values of LHCP and RHCP are consecutively 2.4 dB and 2.58 
dB at ϕ = 0° likewise 2.42 dB and 2.519 dB at ϕ = 180°. In addition, the values of the gain-
beamwidth of 14 dBic for LHCP are roughly 37° (from ϕ = 340° to ϕ = 17°) and approximately 
35° (from ϕ = 165° to ϕ = 200°). When for RHCP are about 37° (from ϕ = 340° to ϕ = 17°) and 
some 30° (from ϕ = 155° to ϕ = 185°). Moreover, the values of the axial ratio beamwidth of 3 dB 
of LHCP are about 70° from ϕ = 325° to ϕ = 35° and from ϕ = 145° to ϕ = 215°. While for RHCP 
are roughly 75° from ϕ = 320° to ϕ = 35° and approximately 85° from ϕ = 130° to ϕ = 215°. These 
results exhibit that the targeted azimuth beamwidth of ≥ 6.77° obtains the resolution of CP-SAR 
using UAV. The antenna efficiency at resonant frequency of 1.25 GHz, for LHCP = 83.59% and 
for RHCP = 83.19% (see Figure 4.29). This result denotes that the antenna efficiency of 80% is 
acquired for CP-SAR using UAV.  
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We can conclude that the graph both of LHCP and RHCP coincide with each other, especially 
for frequency characteristic, S-parameter, input impedance, and elevation-cut plane. But for the 
conical-cut plane are different because the maximum values of gain are achieved using different 
angles of θ for each type of LHCP and RHCP. This phenomena also affect the values of the axial 


































5.1  Summary 
In this dissertation, the development of triangular microstrip array antennas for sensor 
application using Circularly Polarized-Synthetic Aperture Radar (CP-SAR) designed as a low 
cost, light, low power, low profile configuration to transmit and receive Left-Handed Circular 
Polarization (LHCP) and Right-Handed Circular Polarization (RHCP) embedded on Low Earth 
Orbit (LEO) microsatellite and Unmanned Aerial Vehicle (UAV) has been presented. The 
summary for this research are as follow: 
1. The triangular shape of the patch antenna is chosen due to the small size and practical for 
array antenna design in which the Transmitter (Tx) and Receiver (Rx) can be simultaneously 
arranged in a planar array compared with other shapes like the rectangular and circular patch 
antenna. 
2. To obtain a basic construction for CP-SAR geostationary satellite at f = 2.5 GHz  2.9 GHz 
with compact, small, and simple configuration, the truncated-tip model c1, c2, c3, c3s, and 
microstrip line feed triangular antennas have been studied. 
3. While to acquire a basic construction for CP-SAR aircraft application at f = 1.25 GHz using 
proximity couple feed of single patch and array 2  1 patch antennas have been studied.  
4. The values of gain and axial ratio (Ar) for four patches antenna at the resonant frequency (f 
= 1.25 GHz) are 11.02 dBic and 2.47 dB (LHCP at θ = -30°) and 10.96 dBic and 2.45 dB 
(RHCP at θ = 31°), respectively. 
5. The values of gain and Ar for eight patches antenna at f = 1.25 GHz are 13.46 dBic and 1.89 
dB (LHCP at θ = -36°) and 13.46 dBic and 1.9 dB (RHCP at θ = 36°), respectively. 
6. The values of gain and Ar for sixteen patches antenna at the resonant frequency, f = 1.25 GHz 
are about 16.55 dBic and 2.4 dB (LHCP at θ = 38°), and around 16.52 dBic and 2.58 dB 
(RHCP at θ = -38°).  
7. The gain of 10 dBic, 12 dBic, and 14 dBic are occurred by four, eight, and sixteen patches 
antennas both LHCP and RHCP for application of drone, small UAV, and UAV, respectively. 
8. The targeted elevation beamwidth of ≥ 2.16 in Table 1.1 that all of the antenna both single 
and array antennas are satisfied the target, but if the targeted elevation beamwidth as a 
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reference, i.e., in the range 3.57° – 31.02° at Table 4.1, only sixteen patches antenna for UAV 
can obtain it. 
9. The targeted azimuth beamwidth both of ≥ 1.08 (Table 1.1) and ≥ 6.77° (Table 4.1) for all 
antennas have been achieved using LEO microsatellite, aircraft, i.e., drone, small UAV, and 
UAV.  
10. Four, eight, and sixteen patches antennas both LHCP and RHCP can attain the targeted of 
80% antenna efficiency at f = 1.25 GHz for CP-SAR using aircraft. 
 
5.2  Future works 
The continuity of the research in the next step are as follow:  
1. Develop the configuration of radiating patches antenna and corporate feeding-line based on 
the proper theory of array antenna and network power divider to enhance the axial ratio 
bandwidth for two, four, eight, sixteen patches.  
2. Develop corporate feeding-line based on the proper theory of power divider for array antenna 
of thirty-two, sixty-four, one hundred and twenty-eight, two hundred and fifty-six patches 
for CP-SAR aircraft and microsatellite applications.  
3. Design the Radio Frequency (RF) system and image/signal processing for CP-SAR 
application [58-60]. 
4. The all of the antennas that are designed and discussed should be optimized, fabricated, 














The results of corporate feeding-line 2  4 and 2  8  
 
 
A.1  The results of LHCP and RHCP modified lossless T-junction power divider 2  4 
The real and imaginary parts of S-matrix when the patches radiating are excluded, and only the modified lossless T-junction power divider 2  














0.21 + 𝑗 0.02 −0.12 +  𝑗0.28  −0.11 + 𝑗 0.28
−0.12 + 𝑗 0.28 −0.3 − 𝑗 0.2 0.65 +  𝑗0.07
−0.11 + 𝑗 0.28 0.65 +  𝑗0.07 −0.27 − 𝑗 0.2
−0.15 + 𝑗 0.33 −0.07 + 𝑗 0.34 −0.09 + 𝑗 0.34
−0.25 +  𝑗0.19 −0.26 + 𝑗 0.25 0.11 − 𝑗 0.06
−0.26 + 𝑗 0.2 −0.26 + 𝑗 0.25  0.11 − 𝑗 0.06
−0.16 +  𝑗0.32 −0.13 + 𝑗 0.28 −0.13 + 𝑗 0.28
0.12 − 𝑗 0.04 0.1 −  𝑗0.04 0.1 − 𝑗 0.04
0.12 − 𝑗 0.04 0.1 − 𝑗 0.04 0.1 − 𝑗 0.04
−0.15 + 𝑗 0.33 −0.25 + 𝑗 0.19 −0.26 +  𝑗0.2 
−0.07 + 𝑗 0.34 −0.26 +  𝑗0.25 −0.26 +  𝑗0.25
 −0.09 + 𝑗 0.34 0.11 − 𝑗 0.06 0.11 − 𝑗 0.06
−0.36 − 𝑗 0.22 0.57 + 𝑗 0.12 0.12 −  𝑗0.07
0.57 + 𝑗 0.12  −0.36 −  𝑗0.09 0.11 − 𝑗 0.09
0.12 −  𝑗0.07 0.11 − 𝑗 0.09 −0.37 −  𝑗0.1
0.14 −  𝑗0.04 0.12 − 𝑗 0.04 0.12 − 𝑗 0.04
0.12 − 𝑗 0.07 0.11 − 𝑗 0.06 0.11 − 𝑗 0.06
0.56 + 𝑗 0.1 −0.27 +  𝑗0.25 −0.26 + 𝑗 0.24
−0.16 + 𝑗 0.32 0.12 − 𝑗 0.04 0.12 − 𝑗 0.04
−0.13 + 𝑗 0.28 0.1 − 𝑗 0.04 0.1 − 𝑗 0.04
−0.13 + 𝑗 0.28 0.1 − 𝑗 0.04  0.1 − 𝑗 0.04
0.14 − 𝑗 0.04 0.12 − 𝑗 0.07 0.56 + 𝑗 0.1
0.12 − 𝑗 0.04 0.11 − 𝑗 0.06 −0.27 + 𝑗 0.25
0.12 − 𝑗 0.04 0.11 − 𝑗 0.06 −0.26 + 𝑗 0.24
−0.36 − 𝑗 0.23 −0.26 + 𝑗 0.19 −0.26 + 𝑗 0.19
−0.26 + 𝑗 0.19 −0.28 − 𝑗 0.21 0.65 + 𝑗 0.06











We define that [𝑆]்௅ு஼௉ and [𝑆]
∗













0.21 + 𝑗 0.02 −0.16 +  𝑗0.32  −0.09 + 𝑗 0.34
−0.16 + 𝑗 0.32 −0.37 − 𝑗 0.23 0.56 +  𝑗0.1
−0.09 + 𝑗 0.34 0.56 +  𝑗0.1 −0.37 − 𝑗 0.1
−0.13 + 𝑗 0.28 −0.13 + 𝑗 0.28 −0.11 + 𝑗 0.28
−0.26 +  𝑗0.19 −0.27 + 𝑗 0.19 0.12 − 𝑗 0.04
−0.26 + 𝑗 0.24 −0.27 + 𝑗 0.24  0.11 − 𝑗 0.06
−0.12 +  𝑗0.28 −0.07 + 𝑗 0.34 −0.15 + 𝑗 0.33
0.12 − 𝑗 0.04 0.13 −  𝑗0.07 0.14 − 𝑗 0.04
0.11 − 𝑗 0.06 0.12 − 𝑗 0.09 0.13 − 𝑗 0.07
−0.13 + 𝑗 0.28 −0.26 + 𝑗 0.19 −0.26 +  𝑗0.24 
−0.13 + 𝑗 0.28 −0.27 +  𝑗0.19 −0.27 +  𝑗0.24
 −0.11 + 𝑗 0.28 0.12 − 𝑗 0.04 0.11 − 𝑗 0.06
−0.3 − 𝑗 0.21 0.64 + 𝑗 0.06 0.1 −  𝑗0.04
0.64 + 𝑗 0.06  −0.28 −  𝑗0.21 0.1 − 𝑗 0.04
0.1 −  𝑗0.04 0.1 − 𝑗 0.04 −0.28 −  𝑗0.2
0.1 −  𝑗0.03 0.12 − 𝑗 0.06 0.12 − 𝑗 0.04
0.1 − 𝑗 0.03 0.11 − 𝑗 0.06 0.12 − 𝑗 0.04
0.65 + 𝑗 0.06 −0.26 +  𝑗0.25 −0.26 + 𝑗 0.19
−0.12 + 𝑗 0.28 0.12 − 𝑗 0.04 0.11 − 𝑗 0.06
−0.07 + 𝑗 0.34 0.13 − 𝑗 0.07 0.12 − 𝑗 0.09
−0.15 + 𝑗 0.33 0.14 − 𝑗 0.04  0.13 − 𝑗 0.07
0.1 − 𝑗 0.03 0.1 − 𝑗 0.03 0.65 + 𝑗 0.06
0.12 − 𝑗 0.06 0.11 − 𝑗 0.06 −0.26 + 𝑗 0.25
0.12 − 𝑗 0.04 0.12 − 𝑗 0.04 −0.26 + 𝑗 0.19
−0.3 − 𝑗 0.2 −0.26 + 𝑗 0.25 −0.26 + 𝑗 0.19
−0.26 + 𝑗 0.25 −0.36 − 𝑗 0.09 0.57 + 𝑗 0.11













Also, we notice that [𝑆]்ோு஼௉ and [𝑆]
∗
ோு஼௉ are consecutively transpose and a conjugate matrix of (A1.2). For reciprocity, they are clear for both 
LHCP and RHCP, i.e., [𝑆]௅ு஼௉ = [𝑆]்௅ு஼௉ and [𝑆]ோு஼௉ = [𝑆]
்
ோு஼௉.  
The matched ports of the divider set for LHCP S11 = 0.21 +  j0.02, S22 = -0.3 - j0.2, S33 = -0.27 - j0.2, S44 = -0.36 - j0.22, S55 = -0.36 - j0.09, S66 
= -0.37 - j0.1, S77 = -0.36 - j0.23, S88 = -0.28 - j0.21, and S99 = -0.3 - j0.21 and for RHCP S11 = 0.21 + j0.02, S22 = -0.37 - j0.23, S33 = -0.37 - j0.1, S44 = 
-0.3 - j0.21, S55 =  -0.28 - j0.21, S66 = -0.28 - j0.2, S77 = -0.3 - j0.2, S88 = -0.36 - j0.09, and S99 = -0.36 - j0.22 are relatively close to zero. It means that 
only a little bit of the incident waves on the matched port will be reflected or not exit the ports. Thus, the reflected waves at the ports will close to zero. 














0.922 0.0012 + 𝑗 0.0052 −0.0047 + 𝑗 0.0147
0.0012 − 𝑗 0.0052 0.9338 −0.0189 + 𝑗 0.0055
−0.0047 − 𝑗 0.0147 −0.0189 − 𝑗 0.0055 0.9234
0.0018 + 𝑗 0.0098 −0.0037 + 𝑗 0.019 −0.0026 + 𝑗 0.0105
−0.0146 + 𝑗 0.0048 −0.007 + 𝑗 0.0025 0.0138 + 𝑗 0.0027
−0.0157 + 𝑗 0.0019 −0.02 − 𝑗 0.0015 0.0143 + 𝑗 0.0016
−0.002 +  𝑗0.0149 −0.0048 + 𝑗 0.0142 −0.0065 + 𝑗 0.0111
0.0191 + 𝑗 0.0006 0.0125 − 𝑗 0.0006 0.0122 + 𝑗 0.0007
0.0193 − 𝑗 0.0004 0.0126 − 𝑗 0.0014 0.0123 − 𝑗 0.0001
0.0018 − 𝑗 0.0098 −0.0146 − 𝑗 0.0048 −0.0157 − 𝑗 0.0019
−0.0037 − 𝑗 0.019 −0.007 − 𝑗 0.0025 −0.02 + 𝑗 0.0015
−0.0026 − 𝑗 0.0105 0.0138 − 𝑗 0.0027 0.0143 − 𝑗 0.0016
0.9274  −0.0245 − 𝑗 0.0064 0.0241 + 𝑗 0.0104
−0.0245 + 𝑗 0.0064 0.9286 0.0040 − 𝑗 0.0000
0.0241 − 𝑗 0.0104 0.004 − 𝑗 0.0000 0.9257
0.0126 +  𝑗0.0013 0.0229 + 𝑗 0.0002 0.0224 + 𝑗 0.0015
0.0212 − 𝑗 0.0084 0.0147 − 𝑗 0.0032  0.0145 − 𝑗 0.0018
−0.0174 + 𝑗 0.0078 −0.0148 + 𝑗 0.0029 −0.0189 + 𝑗 0.0054
−0.002 − 𝑗 0.0149 0.0191 − 𝑗 0.0006 0.0193 + 𝑗 0.0004
−0.0048 − 𝑗 0.0142 0.0125 + 𝑗 0.0006 0.0126 + 𝑗 0.0014
−0.0065 − 𝑗 0.0111 0.0122 − 𝑗 0.0007 0.0123 + 𝑗 0.0001
0.0126 − 𝑗 0.0013 0.0212 + 𝑗 0.0084 −0.0174 − 𝑗 0.0078
0.0229 − 𝑗 0.0002 0.0147 + 𝑗 0.0032 −0.0148 − 𝑗 0.0029
0.0224 − 𝑗 0.0015 0.0145 + 𝑗 0.0018 −0.0189 − 𝑗 0.0054
0.914 −0.0276 − 𝑗 0.0024 −0.0178 +  𝑗0.0004
−0.0276 + 𝑗 0.0024 0.9379 −0.0181 − 𝑗 0.0014


























































































































0.922 0.0002 + 𝑗 0.0123 −0.0076 + 𝑗 0.0159
0.0002 − 𝑗 0.0123 0.9291 −0.0184 − 𝑗 0.0072
−0.0076 − 𝑗 0.0159 −0.0184 + 𝑗 0.0072 0.9256
−0.0031 + 𝑗 0.0129 −0.0025 + 𝑗 0.0085 −0.0097 + 𝑗 0.0092
−0.017 − 𝑗 0.0003 −0.0162 + 𝑗 0.0028 0.0141 + 𝑗 0.0001
−0.0139 − 𝑗 0.0045 −0.013 − 𝑗 0.0015 0.0097 − 𝑗 0.0041
0.0055 +  𝑗0.0034 −0.0108 + 𝑗 0.0269 −0.0041 + 𝑗 0.0086
0.0171 + 𝑗 0.003 0.015 + 𝑗 0.01 0.0212 + 𝑗 0.0006
0.0132 − 𝑗 0.001 0.0067 + 𝑗 0.0023 0.0233 − 𝑗 0.0087
−0.0031 − 𝑗 0.0129 −0.017 + 𝑗 0.0003 −0.0139 + 𝑗 0.0045
−0.0025 − 𝑗 0.0085 −0.0162 − 𝑗 0.0028 −0.013 + 𝑗 0.0015
−0.0097 − 𝑗 0.0092 0.0141 − 𝑗 0.0001 0.0097 + 𝑗 0.0041
0.928  −0.0117 − 𝑗 0.0025 0.0091 + 𝑗 0.0063
−0.0117 + 𝑗 0.0025 0.9247 0.0114 + 𝑗 0.0086
0.0091 − 𝑗 0.0063 0.0114 − 𝑗 0.0086 0.9237
0.0043 −  𝑗0.0086 0.0045 + 𝑗 0.0029 0.0262 − 𝑗 0.0007
0.0066 − 𝑗 0.0065 0.0172 + 𝑗 0.0043  0.0202 + 𝑗 0.0001
−0.0215 − 𝑗 0.006 −0.0197 − 𝑗 0.0061 −0.0187 + 𝑗 0.0034
0.0055 − 𝑗 0.0034 0.0171 − 𝑗 0.0030 0.0132 + 𝑗 0.001
−0.0108 − 𝑗 0.0269 0.015 − 𝑗 0.01 0.0067 − 𝑗 0.0023
−0.0041 − 𝑗 0.0086 0.0212 − 𝑗 0.0006 0.0233 + 𝑗 0.0087
0.0043 + 𝑗 0.0086 0.0066 + 𝑗 0.0065 −0.0215 + 𝑗 0.006
0.0045 − 𝑗 0.0029 0.0172 − 𝑗 0.0043 −0.0197 + 𝑗 0.0061
0.0262 + 𝑗 0.0007 0.0202 − 𝑗 0.0001 −0.0187 − 𝑗 0.0034
0.9362 −0.015 + 𝑗 0.0046 −0.0128 +  𝑗0.0129
−0.015 − 𝑗 0.0046 0.9334 −0.0163 +  0.0019





















































































































A.2 The results of LHCP and RHCP modified lossless T-junction power divider 2  8 
The real and imaginary parts of S-matrix when the radiating patches are excluded, and only the modified lossless T-junction power divider 2  






















We define that [𝑆]்௅ு஼௉ and [𝑆]
∗
௅ு஼௉ are transpose and a conjugate matrix of (A2.1), respectively. 






















Also, we notice that [𝑆]்ோு஼௉ and [𝑆]
∗
ோு஼௉ are consecutively transpose and a conjugate matrix of (A2.2). For reciprocity, they are clear for both 
LHCP and RHCP, i.e., [𝑆]௅ு஼௉ = [𝑆]்௅ு஼௉ and [𝑆]ோு஼௉ = [𝑆]
்
ோு஼௉.  
The matched ports of the divider set for LHCP S11 = 0.14 - 0.5i  , S22 = -0.23 - 0.19i, S33 = -0.2 - 0.19i  , S44 = -0.27 - 0.21i, S55 =  -0.27 - 0.1i, 
S66 = -0.29 - 0.11i, S77 =  -0.27 - 0.23i  , S88 = -0.21 - 0.22i, S99 =  -0.22 - 0.19i, S1010 = -0.22 - 0.21i, S1111 =  -0.21 - 0.2i  , S1212 = -0.22 - 0.23i, S1313 
= -0.29 - 0.09i, S1414 = -0.28 - 0.1i, S1515 = -0.27 - 0.21i, S1616 = -0.21 - 0.2i, and S1717 = -0.23 - 0.19i, and for RHCP S11 = 0.14 - 0.5i, S22 = -0.27 - 0.21i, 
S33 = -0.28 - 0.1i, S44 = -0.23 - 0.19i, S55 = -0.21 - 0.2i, S66 = -0.21 - 0.2i, S77 = -0.22 - 0.2i, S88 = -0.29 - 0.09i, S99 = -0.22 - 0.23i, S1010 = -0.27 - 0.23i, 
S1111 =  -0.29 - 0.11i, S1212 = -0.22 - 0.19i, S1313 = -0.21 - 0.22i, S1414 = -0.2 - 0.19i, S1515 = -0.23 - 0.19i, S1616 = -0.27 - 0.1i, and S1717 = -0.27 - 0.21i are 
relatively close to zero. It means that only a little bit of the incident waves on the matched port will be reflected or not exit the ports. Thus, the reflected 
waves at the ports will close to zero. We get that both LHCP and RHCP are almost the lossless of the power divider, [𝑆]்[𝑆]∗ = [𝐼] 𝑜𝑟 [𝑆∗]்[𝑆] = [𝐼], 













































































































List of terminology 
 
 
In this part, we describe some terminologies that is used in this dissertation. 
 
Antenna efficiency: the ratio of the aperture effective area, Ae to its actual physical area, A. It 
describes the percentage of the physical aperture area which captures Radio Frequency (RF) 
energy. 
 
Antenna feed: the components of an antenna which feed the radio waves to the rest of the antenna 
structure, or in receiving antennas collect the incoming radio waves, convert them to electric 
currents and transmit them to the receiver. 
 
Axial ratio: electromagnetic radiation with elliptical, or circular, polarization. The axial ratio is 
the ratio of the magnitudes of the major and minor axis defined by the electric field vector. 
 
Bandwidth: the bandwidth of an antenna refers to the range of frequencies over which the antenna 
can operate correctly. The antenna's bandwidth is the number of Hz for which the antenna will 
exhibit a Standing Wave Ratio (SWR) less than 2:1. 
 
Beamwidth: the half power beam width that is the angle between the half-power (-3 dB) points of 
the main lobe, when referenced to the peak effective radiated power of the main lobe. Beamwidth 
is usually but not always expressed in degrees and for the horizontal plane. 
 
Circular polarization: a polarization state in which, at each point, the electric field of the wave 
has a constant magnitude, but its direction rotates with time at a steady rate in a plane 
perpendicular to the direction of the wave. 
 
dB: a logarithm to measure of relative power. Antenna gain is measured in decibels as either dBi 
or dBd. dBi refers to dB away from a theoretical isotropic antenna, while dBd relates to dB away 




dBi: to define the gain of an antenna system relative to an isotropic radiator at radio frequencies. 
The symbol is an abbreviation for "decibels relative to isotropic."  
 
dBic: similar with dBi that gain of an antenna based on the isotropic antenna which has 
characteristic of propagation wave formed circularly. 
 
Gain: a key performance number which combines the antenna's directivity and electrical 
efficiency. In a transmitting antenna, the gain describes how well the antenna converts input 
power into radio waves headed in a specified direction. 
 
Impedance: as an electromagnetic wave travels through the different parts of the antenna system 
(radio, feed line, antenna, free space) that may encounter differences in impedance (E/H, V/I, 
etc.). At each interface, depending on the impedance match, some fraction of the wave's energy 
will reflect the source, forming a standing wave in the feed line. 
 
Input impedance: the measure of the opposition to current flow (impedance), both static 
(resistance) and dynamic (reactance), into the load network being that is external to the electrical 
source. 
 
Linear polarization: confinement of the electric field vector or magnetic field vector to a given 
plane along the direction of propagation. 
 
Low Earth Orbit: an orbit around Earth with an altitude of 2,000 km (1,200 mi) or less, and with 
an orbital period of between about 84 and 127 minutes. 
 
Matching impedance: the practice of designing the input impedance of an electrical load or the 
output impedance of its corresponding signal source to maximize the power transfer or minimize 
signal reflection from the load. 
 




Null: an area or vector in an antenna's radiation pattern where the signal cancels out almost 
entirely. 
 
Polarization: the direction in which the electrical field of an electromagnetic wave points. 
 
Q-factor: a figure-of-merit that is representative of the antenna losses. Typically, there are 
radiation, conduction (ohmic), dielectric and surface wave losses. 
 
Radiation efficiency:  the power radiated over the input power. It can also be expressed regarding 












      (B.1)  
where tQ  is given by 
 
swdcradt QQQQQ
11111       (B.2) 
where 
 tQ   = total quality factor 
 radQ  = quality factor due to radiation (space wave) losses 
 cQ  = quality factor due to conduction (ohmic) losses 
 dQ  = quality factor due to dielectric losses 
 swQ  = quality factor due to surface waves 
 
Radiation pattern: in the field of antenna design the term radiation pattern (or antenna pattern or 
far-field pattern) refers to the directional (angular) dependence of the strength of the radio waves 
from the antenna or other sources. 
 
Reflection coefficient: the measure of the opposition to current flow (impedance), both static 
(resistance) and dynamic (reactance), into the load network being that is external to the electrical 
source. 
 
S-matrix: the electrical behavior of linear electrical networks when undergoing various steady 




S-parameter: members of a family of similar parameters, other examples being: Y-parameters, Z-
parameters, H-parameters, T-parameters or ABCD-parameters. They differ from these, in the 
sense that S-parameters do not use open or short circuit conditions to characterize a linear 
electrical network; instead, matched loads are applied. These terminations are much easier to use 
at high signal frequencies than open-circuit and short-circuit terminations. Moreover, the 
quantities are measured regarding power. 
 
Parameters of antenna: gain, radiation pattern, beamwidth, polarization, and impedance. The 
antenna pattern is the response of the antenna to a plane wave incident from a given direction or 
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